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Abstract 

The  effects  of  using  conqiressor  blades  ^vith  a  crenulated  (notched)  trailing  edge  in 
a  low  a^ect  ratio  =  1)  linear  con^ressor  cascade  at  four  incidence  angles  (-1.08  deg, 
+4.49  deg,  +9.32  deg,  and  +12.44  deg)  were  investigated.  Blade  performance  and  wake 
mixing  characteristics  for  crenulated  blades  were  conpued  with  gmibr  data  for  blades 
with  a  straight  trailing  edge.  A  seven-bladed  cascade  was  operated  with  a  flow  Math 
number  of  0.4  and  a  blade  chord  Reynolds  number  of  4.1  (10)^  .  The  diffiision  fiictor 
ranged  fi-om  0.22  to  0.42  and  strong  three-dimensional  flow  effects  were  present.  Total 
pressure  losses  were  measured  with  a  total  pressure  rake.  Velocities  and  flow  angles  were 
measured  using  hot-fihn  anemometiy.  Crenulated  blades  were  found  to  enhance  wake 
mixing  fi-om  20  to  50  percent  dqiending  on  blade  loading  and  downstream  location. 
Crenulated  blades  were  also  found  to  reduce  flow  deflection  by  1.9  deg  at  the  lowest 
incidence  and  by  3.7  deg  at  the  hipest  incidence.  At  the  hipest  blade  loading, 
crenulations  were  found  to  reduce  total  pressure  losses  by  20  po-cent  and  inhibit  large 
scale  flow  degradation  and  vortex  breakdown.  At  mild  blade  loadings,  negligible 
differences  in  losses  were  observed. 


OFF-IKSIGN  PERFORMANCE  OF  CRENULATED 
BLADES  IN  A  LINEAR  COMPRESSOR  CASCADE 


L  Introduction 


Backp-ound 

Durmg  the  past  centuiy,  the  gas  tuibine  engine  has  evolved  fiom  an  ineffident 
machine  of  little  practicality  to  become  a  very  reliable,  efficient  means  of  converting 
energy  \^ch  has  many  industrial  and  aertmautical  applications.  As  the  evolution  of  die 
gas  tuibine  continues,  inqiroving  gas  tuibine  efficiency  continues  to  be  a  worthy  goal  of 
aircraft  propulsion  researdi.  For  exan^le,  the  Intqsrated  Hi^  Performance  Tuibine 
Engine  Technology  hiitiative  (IHPTET,  a  cooperative  effiiit  between  the  Department  of 
Defense,  the  National  Aeronautics  and  Space  Administration,  and  the  aeropropulsion 
industry)  is  striving  to  double  the  aircraft  tuibine  engine  propulsion  cqiabflity  by  the  year 
2000.  To  achieve  its  overall  goal,  this  initiative  relies  on  the  cumulative  success  of 
numerous  researdi  efforts  \diidi  are  fiicused  on  individual  gas  tuibine  engine  components. 

In^roved  effidency  of  gas  tuibine  oigines  corre^onds  to  increased  aircraft 
engine  capability  (thrust),  fuel  savings,  or  weight  savings,  dqiending  on  the  priorities  for 
the  spedfic  application.  The  effidency  of  a  gas  tuibine  is  directly  related  to  the  effidency 
of  each  of  its  conqionents.  Gas  tuibine  engines  have  three  primaiy  conqionaits:  a 
compressor,  a  combustor,  and  a  tuibine.  Die  primaiy  function  of  eadi  conponoit 
(respectively)  is  to  compress,  heat,  and  eipand  the  flow.  While  satisfying  its  primary 
fimction,  each  conponent  adversely  inpaits  losses  to  the  flow  i^di  degrade  the  overall 
performance  of  the  oigine.  Aerodynamic  losses  inpaited  to  the  flow  in  the  conpiessor  is 
the  focus  of  this  investigatimi. 
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Axial  flow  conq)iessors  aie  commonly  used  in  airoaft  engbes.  In  genenl,  viscous 
effects  are  a  major  source  of  losses  in  axial  con^ressors.  These  losses  are  larg^  caused 
by  the  boundary  layers  that  devdop  on  con^ressor  blades. 

Problem  Statement 

Boundary  layers  develop  on  the  pressure  sur&ce  and  the  suction  sutbce  of 
conq)ressor  blades  and  merge  at  the  trailing  edges  to  oeate  wakes  which  trail 
downstream  of  the  blades.  These  wakes  are  characterized  by  a  defect  in  velocity  and  total 
pressure.  A  schematic  of  the  developmoit  of  blade  wakes  is  shown  in  Rgure  1.  The 
mbdng  of  these  wakes  is  a  source  of  flow  losses.  Weanorstrom  ( 1982)  proposed  that 
conqrressor  blades  with  cremilated  trailing  edges  may  enhance  (Le.,  accderate)  the  wake 
mbdng  process-^hich  would  effective^  reduce  the  required  length  and  weight  of  an  axial 
flow  conqrressor  by  one  or  more  rows  of  blades.  The  introduction  of  crenulations  to  a 
blade  trailing  edge  serves  to  generate  vortices  which  trail  downstream  of  the  blade  as 
shown  in  Figure  2.  It  is  these  creaulation  induced  vortices  phidi  are  the  physical 
mechanism  vvhidi  is  thought  to  enhance  the  mixing  process.  With  this  improvement,  itis 
thou^t  that  a  correqionding  inq)rovement  in  gas  turbine  efficiency  may  be  realized. 

SmnmaTv  of  Previous  Research 

Wennerstrom's  proposal  was  investigated  by  Veesart  et  aL  (1990),  and  by  DeCook 
et  aL  ( 1993).  Both  investigators  found  (anKmg  other  findings)  that  the  croiulated  blades 
did  indeed  cause  enhanced  wake  mbdng  and  lower  wake  losses  than  the  same  blades 
without  croiulations.  These  investigations  were  performed  at  a  single  inddoice  angle 
umg  a  linear  conq>ressor  cascade.  The  linear  conq)ressor  cascade  is  a  sniq>iified  model  of 
an  axial  flow  conopressor  blade  row,  and  is  used  to  conduct  e7q)anmental  aerodynamic 
research.  This  shnpMcation  permits  relatively  inexpoiave  research  to  yield  practical 
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results  vibadi  can  be  extn^Kdated  and  applied  to  die  mcne  omnplex  flow  r^nuea  in  axial 
flow  compressors. 


Motivation 

It  is  conmxm  for  axial  flow  compressors  in  aircraft  engines  to  ^lend  a  aignificait 
amount  of  iterating  time  at  off-design  rotational  q;>eeds.  Vaxiatkms  in  inddence  an^  in 
a  cascade  can  be  thought  to  modd  variatums  in  rotational  qieed  and  /or  axial  velocity  in 
an  axial  flow  compressor.  Thoefore,  cascade  researdivdiicli  investigates  die  effect  of 
crenulated  blades  at  various  inddence  angles  cmild  siqipty  valuable  mformadon 
concerning  the  overall  merit  of  using  crenulated  compressor  blades  in  aircnft  engines. 

Objective  and  Scope 

The  objective  of  the  eiqiermient,  relative  to  axial  flow  compressor  design,  was  to 
determine  the  aerodynarruc  benefits  and  duntcomings  of  using  blades  with  a  oenulated 
trailing  edge  hi  comparistm  to  using  blades  with  a  straight  trailing  edge.  The  study  is 
particulaify  focused  on  moddmg  the  last  row  of  stator  blades  vdiere  secondary  flow 
effects  would  be  significant.  Mfith  this  perfective,  a  linear  cascade  eiqHBiment  was 
conducted  at  firar  inddence  ai^es  (>1.08  dtg,  +4.49  deg,  +9.32  d^  and  +12.44  d^  ). 
Two  blade  configurations  were  investigated:  one  with  a  crenulated  trailing  edge,  and  the 
other  with  a  straight  trailing  edge. 
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Generil  Desaiptioii  of «  Cascade 

A  cascade  is  a  row  of  identical  blades  whidi  is  used  to  change  die  directioa  and 
pressure  of  a  flowing  gas.  Cascades  have  been  wid^  used  to  modd  the  flow 
environment  in  axial  flow  compressors.  A  linear  cascade  (as  opposed  to  an  annular 
cascade)  is  a  cascade  \ihidi  has  its  blades  arranged  as  if  they  were  mounted  on  a  hub  widi 
an  infinite  ladius  of  curvature.  Ccmsequently,  die  edges  of  the  Uades  in  a  Imear  cascade 
are  parallel  to  eadi  other. 

A  cascade  is  typically  defined  by  specifying  die  blade  geometry,  the  geometric 
arrangement  of  the  blades,  and  die  flow  cmdition.  The  qtedficadons  idikh  are  used  to 
define  a  particular  linear  cascade  are  identified  in  Rgure  3.  The  blade  geometry  is 
^ecified  by  the  blade  diord  (c),  the  blade  candiar  angle  (0),  the  point  of  maximum  camber 
(a,  typically  measured  along  the  diord  and  normalized  by  chord  lengdi),  the  blade 
thickness  distribution,  and  the  blade  ai^ect  ratio  {AR).  The  aspect  ratio  is  de&ied  as  the 
blade  ^an  normalized  by  the  blade  chord.  The  arrangement  of  the  blades  is  qiedfied  by 
the  blade  pacing  (5),  the  stagger  angle  (Q,  the  blade  inlet  angle  (a',),  and  the  blade  outlet 
angle  (a',).  The  flow  condition  of  the  cascade  is  ^edfied  by  the  air  inlet  angle  (a,)  and 
inlet  velocity  (F,),  and  the  air  outlet  angle  (a,)  and  outlet  velocity  (F,).  Various  otho' 
cascade  descrqitors  can  be  derived  fitim  these  basic  parameters.  Three  deso^tors  whidi 
are  typically  a^'^d  are  the  deviation  angle  ($),  the  inddence  angle  (/),  and  the  deflection 
(e).  As  shown  in  Figure  3,  the  deviation  ai^e  is  simpfythe  difference  between  the  air 
outlet  angle  and  the  blade  o^^iet  angle.  Likewise,  the  incidence  angle  is  the  difference 
betweoi  the  air  inlet  angle  and  the  blade  inlet  an^;  and  the  deflection  is  the  diflEdence 
between  the  air  outlet  an^e  and  the  air  inlet  angle. 
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Ideal  Cascade  Flow 


Idealfy,  a  cascade  would  have  an  infinite  number  of  Uades.  An  mfinke  number  of 
blades  would  eliminate  the  viscous  effects  of  the  cascade  endwalls  on  die  flow.  Hiese 
effects  are  undesirable  because  there  are  no  analogous  effects  m  an  axial  flow  compressor. 

In  many  cascade  experiments  it  would  also  be  considered  ideal  to  have  blades  of 
infinite  span.  Blades  of  infinite  pan  would  diminate  the  viscous  effects  of  the  cascade 
sidewalls  on  the  flow.  The  elimination  of  sidewall  effects  (given  unifiwm  flow  conditions 
at  the  flow  source)  would  result  in  two-dimenskmal  flow.  Two*dimensional  flow  as 
pedfied  by  Erwin  and  Emeiy  (1950)  has  the  following  characteristics: 

1.  Equal  pressures,  velodties,  and  directions  exist  at  different  panwise 
locations. 

2.  The  static  pressure  rise  across  the  cascade  equals  the  value  assodated  with 
the  measured  turning  angle  and  wake. 

3.  No  regions  of  low  energy  flow,  other  than  blade  wakes  exist.  The  blade 
wakes  are  constant  in  the  panwise  direction. 

4.  The  measured  force  <m  the  blades  equals  that  associated  with  the  measured 
momentum  and  pressure  dumge  across  the  cascade. 

5.  The  various  performance  values  do  not  change  with  apect  ratio,  nuniber  of 
blades,  or  other  physical  fiictors  of  the  tunnel  configuration. 

Cascade  flow  whidi  is  two<dimaisional  is  thou^t  to  have  flie  broadest  ppUcation  to 
gmeral  axial  flow  compressor  deagn. 

Although  purdy  two-dimensional  flow  affords  considerable  simplification  in 
intepreting  cascade  results,  it  is  often  impractical  to  adiieve.  In  practice,  a  finite  amount 
of  three-dmiaisionality  in  cascade  flow  may  be  desirable,  hi  some  cases,  a  cascade  with 
three-dimensional  effects  may  be  useful  in  modeling  a  pedfic  flow  conditkm  in  a 
conpressor.  For  example,  the  flow  throu^  the  last  row  of  stator  blades  in  a  compressor 
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may  luve  strong  three-dmiensiQnal  effects.  Tbe  characteiisticaDy  k>w  aspect  ratio  of  these 
blades  allow  the  viscous  effects  at  the  compressor  casing  and  hub  to  significantly  d^rade 
the  two-dimaisimiality  of  the  flow.  Ihese  effects  can  be  particularly  significant  at  high 
incidence  aisles.  The  blades  used  in  this  study  were  h>w  aspect  ratio  blades  (AR  =  1) 
are  rqiresentative  of  those  \«hich  are  typically  used  as  the  last  row  of  stator  blades 
in  an  axial  flow  compressor.  Adiievmg  two-dimensional  ft>w  was  not  the  intent  of  this 
study.  However,  the  two-dimensional  flow  condition  does  serve  as  a  point  of  comparison 
to  qualitatively  assess  the  degree  of  secmidaiy  flow  present  in  the  cascade. 


OiiMitification  of  Cascade  Performance 

Several  parameters  can  be  used  to  quantify  the  performance  of  linear  cascades. 
These  parameters  serve  two  purposes.  They,  1)  provide  a  basis  for  evaluating  the  validity 
of  the  cascade  as  a  model,  and  2)  provide  a  basis  for  evaluating  the  aerodynamic 
performance  of  the  particular  concqrt  being  modeled,  hr  this  study,  the  concqit  that  was 
considered  was  the  effect  of  using  crenulated  blades  at  various  incidence  angles  Miiere 
three-dimensioiud  flow  was  prese  it.  Since  some  of  the  parameters  are  e?q>ressed  with 
respect  to  a  coordirute  system,  the  cascade  coordinate  system  that  was  used  in  this  study 
is  defined  as  shown  in  Figure  4. 

Evaluation  of  the  Cascade  as  a  Model  The  validity  ofthe  cascade  as  a  model  can 


be  evaluated  by  determining  the  periodicity  and  the  axial  velocity  density  ratio  (A  VDR)  of 
the  cascade.  A  sh^tly  modified  form  of  the  A  VDR  as  given  by  DeCook  ( 1993)  is  defined 


as 


A  VDR 
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whoe  ^  -  r  is  one  blade  spadag.  H‘a  discrete  nimiba  of  data  points  are  aamidedk  die  y- 
z  plane  (refinence  Rgure  4)  with  equal  ^aoig  m  the  y-direction  sudi  diat  die  placing 
between  the  data  points  is  sufficiently  snoaller  than  the  sample  range,  die  >4  FD/?  can  be 
approximated  numerically  by 


AVDR 


(2) 


where /t  is  the  number  of  samples  taken  at  the  midspan  location.  Thei4FDRisan 
indicati<mofthe  two-dimensionality  of  the  flow.  Ifa  cascade  has  no  qpanwise  gradients  of 
mass  flux,  the  1.0  and  the  flow  is  two-dimensionaL  A3iAVDR>  1.0  indicates 

flow  contractim  and  a  subsequent  increase  of  the  mid^an  mass  flux  throu^  the  cascade. 
Results  fi:om  cascades  with  non-unity  are  correlated  with  two-dimensional  flow 

resuhs  by  the  rdationsli^s  presented  by  Gostdow( 1984).  According  to  Gostelow 
(1984),  caution  must  be  exercised  when  uang  the  i4FZ>/{  to  indicate  the  two- 
dimmsionality  of  the  flow  because  the  A  VDR  rqiresents  a  midqian  average  whidi  may  not 
accurately  reflect  the  effisct  of  localized  three-dimensional  flow  i^di  may  develop  in  the 
cascade.  Exanqiles  of  sudi  flows  are  passage  vortices,  comer  vortices,  and  concoitrated 
shed  vortices  vdiidi  in  some  cases  devdop  on  the  suction  surfice  of  low  aspect  ratio 
cascade  blades.  A  sdienoatic  of  three-dimensional  flow  phoiomaia  idiidi  may  occur  in  a 
cascade  are  shown  in  Figure  S.  Tang  et  aL  (1991),  and  Kang  and  Ifirsch  (1991)  have 
investigated  the  threo-dimmsimial  flow  in  linear  cascades  and  provide  many  details  tm  its 
stracture  and  diaracteristics. 

Periodicity  describes  the  pitdiwise  static  pressure  distributims  at  the  cascade  inlet 
and  exit.  If  the  variation  of  static  pressure  with  respect  to  pitchwise  distance  fi'om  the 
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centCT  blade  is  poiodic  (Le.,  cyclic)  then  periodicity  is  said  to  be  adiieved.  According  to 
Gostelow  (1984),  periodicity  is  essential  for  a  cascade  to  be  c<»istdered  a  valid  modd. 

PvahMtinn  of  Aerndynamiy.  TaBcaHe  With  the  periodicity  and 

A  VDR  establiriied,  the  aerodynamic  performance  of  a  cascade  can  be  determined. 
Commmi  indicators  of  cascade  performance  are  the  static  pressure  coefficient  (C^,  the 
total  pressure  loss  coefficimt  (o),  and  the  Ifow  turning  angle  or  deflection.  Since  this 
investigation  focuses  in  part  on  the  wakes  generated  by  the  cascade,  it  is  also  rdevant  to 
quantify  the  diaracter  of  the  flow  downstream  of  the  cascade.  This  can  be  accomplidied 
with  (in  addition  to  tn)  the  wake  velocity  d^cit  {WVD)  and  the  outlet  velocity  variance 
(o*). 

The  blade  static  pressure  coefficient  is  defined  as 


P-Pi 


(3) 


wdiere  p  is  the  static  pressure  on  the  blade  surfiice.  is  usefiil  in  quantifying  blade 
performance  because  it  can  be  integrated  over  the  blade  surfiice  to  find  the  net  force  of  the 
fluid  acting  on  the  blade.  The  net  force  on  the  blade  is  equal  in  magnitude  and  opposite  in 
direction  to  the  net  force  on  the  fluid.  Through  conservation  of  momentum  and  a  force 
balance  on  the  blade,  it  follows  that  the  net  force  on  the  fluid  indicates  the  amoimt  of  flow 
deflection  caused  by  the  blade.  Since  conqiressor  blades  are  designed  to  turn  the  flow, 
profiles  for  blades  in  dififermt  cascade  configurations  provide  a  conqiarative  indication  of 
blade  performance. 

The  local  total  pressure  loss  coefficioit  is  defined  as 
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m 


^01 -4 


(4) 


Deteniimati<m  of  to  provides  an  indicatiim  of  die  energy  lost  througli  the  cascade  due  to 
viscous  diss^ation.  A  value  of  zero  with  no  work  addition  would  indicate  isentropic  flow 
through  the  cascade.  The  total  pressure  loss  coefficient  can  be  usefiil  in  defining  the 
incidence  angle  at  whidi  a  particular  cascade  is  stalled.  For  exanqile,  Dixmi  (1978) 
suggests  that  the  incidence  at  ufiidh  stall  occurs  is  that  i^hich  correqionds  to  twice  the 
mininnini  ts.  A  mass  averaging  sdieme  (Equati<m  (6))  was  used  to  comhme  the  individual 
values  of  xa  at  eadb  location  in  the  cascade  exit  measurement  plane  to  arrive  at  a  single 
value  of  w  whidi  was  rqiresentative  of  the  entire  exit  measurement  plane.  The  mass 
averagmg  sdieme  was  inqilemented  because  the  flow  at  the  cascade  exit  is  characterized 
by  nonuniform  mass  flow  due  to  the  blade  wakes  and  three-dimensional  flow. 

Gostdow  (1984)  states  that  for  steady,  inconqiressible  flow  the  non-dimensional 
pressure  rise  through  a  two-dimensional  cascade  may  be  eiqiressed  as  (r^rring  to  Figure 
2) 


cos*a| 

CO^  Oj 


(5) 


This  eiqiression  for  provides  a  means  of  estimating  flow  deflection  (a^-a,)  through  a 
linear  cascade  fi'om  pressure  measurements  at  the  exit,  provided  the  inlet  conditions  are 
known.  In  this  case,  C^isdeterminedby  applying  Equation  (3)  withpbemg  measured 
just  downstream  of  the  blade  trailing  edge. 

The  wake  velocity  deficit  and  the  outlet  velocity  variance  are  d^ed  with  the  use 
of  average  properties.  Since  the  wake  region  is  a  region  of  varying  mass  flow,  a  mass 
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•vefagmg  sdieme  was  used  in  the  wake  Hie  mass  avenge  of  some  gmenl 

quantity  >4,  is  defined  as 


(«) 


If  a  discrete  nundier  of  data  points  are  sampled  hi  die  y-z  plane  (reference  Figure  4)  with 
equal  pacing  in  the  y-direction  and  equal  spacing  in  the  z-directhm  such  diat  die  spacing 
between  the  data  points  is  sufiBciendy  smaller  than  the  sample  range,  the  mass  average  of 
i4  can  be  qiproximated  numerical^  by 


\ihere  /t  is  the  number  of  samples  in  the  measurement  plane. 

Hie  wake  velocity  deficit  is  defined  as 

ffTD  m  1-^  (8) 

K, 

The  value  of  the  wake  velocity  deficit  would  be  eiqiected  to  be  neaiiy  0  immediate^ 
downstream  of  a  cascade  ^lich  has  blades  whh  a  sharp  trailing  edge.  This  is  because  a 
wake  trailing  a  sharp  edge  would  have  a  very  narrow  width  and  account  fiir  a  rdadv^ 
small  portion  of  the  total  mass  flow  through  the  cascade.  For  inconqiressibte  flow  over  an 
airfiiil  with  zero  hfi,  it  fiillows  fi'om  White  (1991)  that  as  the  wake  devdi^s  downstream 
of  the  airfiiil,  the  wake  velocity  deficit  should  initially  innease  to  a  maximum  and  then 
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decay  to  a  value  approadiing  0  at  a  locatkm  £ir  downstream  of  the  airfoil  Howcvct, 
White  ( 1991)  fiuther  suggests  that  the  flow  bdiind  a  cascade  of  cambmed  blades  is  likely 
to  be  conq)licated  with  shed  vortices  and  therefore  the  above  trend  can  be  thought  of  as  a 
time  averaged  trend. 

The  outlet  velocity  variance  is  the  square  of  the  standard  deviation  of  the  exit 
velocity  distribution.  It  is  normalized  by  the  square  of  the  mean  exit  vdocity  and  is 
d^ned  as 


vy  (/i-i) 


(9) 


where  is  the  square  of  the  arithmetic  mean  exit  velocity,  h  should  be  noted,  for  the 

sake  of  being  rigorous,  that  the  sample  variance  was  used  in  the  outlet  velocity  variance 
definition  as  opposed  to  the  pt^lation  variance.  The  sarrqrle  variance  was  used  because 
of  the  finite  discretization  of  the  measurement  plane  as  discussed  in  Gupter  IV.  If  the 
population  variance  were  used,  the  term  (n>  1)  would  be  r^laced  by  n.  Because  n  =  1474 
data  points  in  this  study  and  1474  »  1,  the  differmce  between  the  saiiq)le  variance  and 
the  population  variance  is  inconsequoitial  to  the  results.  Due  to  the  variations  of  mass 
flow  in  the  wake  region  discussed  previously,  it  is  appropriate  to  calculate  a  mass 
weighted  variance.  The  mass  weighted  outlet  velocity  variance  is  defined  as 


5"  s 


vy  P^V,Sn-l) 


(10) 


where  the  e?q>ression  is  the  arithmetic  mean  mass  flux  m  the  axial  direction.  The 

variance  can  not  be  evaluated  at  a  single  data  point;  it  applies  to  a  set  of  data  points. 
Consequently,  the  nuiss  weighted  exit  velocity  variance  is  not  a  mass  etveraged  quantity 
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per  the  definidtHi  previously  giveii  (Equatitm  6).  However,  the  mass  weighted  outlet 
velocity  variance  was  converted  into  an  e)q)ression  which  takes  a  mass  averaged  form. 
This  conversion  process  is  shown  by  the  following  man^ulatimis. 

In  the  denominator  of  the  mass  weired  outlet  velocity  variance  e}q)ressi(ni,  the  mean 
mass  flux  term  is  expanded  to  take  the  form  of  a  sum. 


1 


n 


k«-i) 


(11) 


^  n  I 
o  =  - - —'-=^ 


(12) 


Introducing  the  squared  mean  exit  velocity  term  into  the  sum  in  the  numerator. 


^  = 


n 


-1 


<"-1)  T  fhV. 

*1, 


(13) 


This  e7q>ression  is  now  recognized  as. 


^  = 


n 


(n-1) 


mass  average  of 


(14) 
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Hie  eiqieniiieiital  qiparatus  consists  of  five  major  components.  These  components 
are  the  air  supply  system,  the  difiiiser/stilling  dian^,  the  throat,  the  cascade  test  sectimi, 
and  the  data  acquisition  system.  A  descr^titHi  of  each  component  is  provided  in  this 
chapter. 

Air  Supply  System 

A  sdiematic  of  the  air  siqipfy  ^em  and  diffiiser/stOling  chamber  is  ^oivn  in 
Figure  6.  The  air  supply  system  consists  of  a  30  kW  centrifiigal  blower  i^ch  dehvers  air 
to  the  test  section  at  approximate^  1.6  kg/s  which  results  in  a  flow  Mach  number  of 
approximately  0.4  in  the  cascade  test  section.  The  blower  is  configured  so  that  it  can 
intake  outdoor  air,  laboratory  air,  or  a  combination  of  outdoor  and  laboratory  air.  This 
option  is  useful  for  controlling  the  total  tenqierature  of  the  flow  throu^  the  cascade.  The 
air  is  electrostatically  filtered  before  entering  the  diflfiiser. 


niflfuser/Stillinp  Chamber 

The  air  from  the  blower  is  difflised  to  approximately  3  m/s  in  the  stilling  diamber. 
The  stilling  chamber  is  cylindrical  with  an  internal  diameter  of  approximately  1. 1  m.  It  has 
provisions  for  conditioning  and  straightening  the  flow  prior  to  the  test  section  mtrance, 
and  contains  a  styrofoam  center  body  plug  \^ch  is  covered  with  foam  rubber.  The  plug 
provides  a  gradual  change  in  cross-sectional  area  for  diflKision  of  the  flow;  it  also  obstructs 
the  acoustic  path  between  the  blower  and  the  test  section.  A  40  mesh  wire  screen,  a  cloth 
filter,  and  a  10  cm  thick  honeycomb  grid  provide  the  final  flow  conditioning  and 
straightening  before  the  flow  exits  the  stilling  chamber  through  a  rectangular  ASME  long- 
radhis  belhnouth  nozzle.  The  nozzle  throat  has  a  5.0  cm  by  20.3  cm  cross-sectitm.  A 


more  detailied  descrqrtkm  of  the  air  siqipfy  listen  md  difBuer/stilliBg  dumobo'  is  given  hy 
A)fisQn(1982). 

Throat  and  Cascade  Test  Section 

A  sdiematic  of  the  throat  and  cascade  ttA  section  is  shown  in  Rgure  7.  As  shown 
in  Figure  7,  the  throat  has  provisicms  for  endwaU  boundary  layer  removaL  Suction  was 
applied  to  the  endwall  suctkm  slots  for  all  cascade  testing  in  this  study.  The  test  sectkm 
holds  seven  blades.  The  profile  of  the  blades  used  in  this  study  is  drown  in  Rgure  8;  their 
surfiice  coordinates  and  mean  camber  line  are  listed  in  Table  1.  The  details  of  the  blade 
geometry,  including  the  determination  of  the  blade  candrer  angle  and  the  inlet  and  exit 
angles,  are  included  in  Appendix  A.  Although  the  blade  profile  was  fixed  throu^out  diis 
study,  the  trailing  edge  of  the  blades  differed  dqrending  on  whether  the  blades  were 
crenulated  or  not  crmulated.  The  planform  of  each  blade  configuration  tested  is  shown  in 
Figure  9.  During  a  single  test  run,  all  seven  blades  were  either  crenulated  or  not 
crenulated.  As  can  be  sear  fi-om  Figure  9,  the  presence  of  the  crenulations  caused  the 
blade  planform  to  be  reduced  by  approximate!^  14  percent.  The  test  section  interfoces 
directly  with  any  one  of  four  interchangeable  throat  sections.  Each  throat  section  causes 
the  cascade  to  see  a  unique  inddaice  angle.  This  method  of  varying  the  incidence  angle 
allows  the  stagger  angle  to  remain  fixed  throughout  the  testing.  The  throat  angles  and 
corresponding  incidence  angles  are  fisted  in  Table  2.  hi  this  study,  it  was  assumed  that  the 
velocity  in  the  throat  was  parallel  to  foe  throat  endwalls  and  therefore  foe  throat  angles 
were  equal  to  foe  air  inlet  angles  (a,).  As  can  be  seen  fi-om  Figure  7,  foe  throat/test 
section  intetfiice  requires  that  foe  cascade  test  section  accommodate  various  inlet  areas. 
This  was  acconqilished  with  foe  adjustable  ouhiieces  in  foe  cascade  test  section.  The 
endpieces  were  adjusted  by  using  a  .foim  of  foe  appropriate  thickness  for  eadi  inddoice 
angle.  Dqiending  on  foe  incidence  angle  tested,  foe  pacing  between  foe  outer-most  blade 
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and  the  cascade  endwall  varied  from  1. 1  cm  to  2.9  cm  This  variarion  m  eadwaD  ^)adng 
can  be  e?q)ected  to  a£Ssct  the  perfonnance  of  the  outer  blades.  However  Erwin  and  Emery 
(19S0)  found  that  variations  in  endwaU  i^acing  had  a  negligible  effect  on  the  performance 
of  the  center  blade.  Since  this  study  focused  on  the  cater  blade,  the  variations  in  endwall 
pacing  were  determined  to  be  accq)table. 

The  center  blade  of  each  cascade  configuration  was  fiibricated  with  static  pressure 
ports  on  its  pressure  surfiice  and  suction  suifoce  to  allow  a  nnd^an  blade  surfiice  static 
pressure  distribution  to  be  obtained.  The  position  of  these  ports  along  the  blade  chord  are 
listed  in  Table  3.  It  should  be  noted  that  the  craulated  blades  have  the  fiuthest 
downstream  pressure  port  omitted  due  to  interferace  with  the  crenulatimis.  The  cascade 
q)ecifications  as  defined  in  Chapter  II  are  listed  in  Tables  2  and  4. 
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Table  1.  Blade  Sur&c 

«  Coordinates  an< 

[  Mean  Candrer  Lj 

me 

HBISIH 

5.001 

0.000 

5.001 

0.000 

0.000 

4.902 

0.020 

4.901 

0.009 

0.015 

4.703 

0.061 

4.699 

0.028 

0.044 

4.404 

0.119 

4.497 

0.046 

0.083 

4.257 

0.148 

4.245 

0.069 

0.108 

4.010 

0.202 

3.992 

0.092 

0.147 

3.612 

0.285 

3.590 

0.132 

0.208 

3.213 

0.359 

3.189 

0.169 

0.264 

2.811 

0.420 

2.790 

0.198 

0.309 

2.404 

0.456 

2.397 

0.213 

0.335 

1.997 

0.460 

2.004 

0.210 

0.335 

1.744 

0.448 

1.757 

0.201 

0.325 

1.491 

0.427 

1.510 

0.189 

0.308 

1.238 

0.396 

1.263 

0.172 

0.284 

0.986 

0.356 

1.015 

0.150 

0.253 

0.734 

0.304 

0.766 

0.122 

0.213 

0.483 

0.239 

0.517 

0.087 

0.163 

0.383 

0.209 

0.417 

0.071 

0.140 

0.283 

0.174 

0.317 

0.053 

0.114 

0.184 

0.134 

0.216 

0.034 

0.084 

0.086 

0.084 

0.114 

0.013 

0.049 

0.038 

0.053 

0.062 

0.002 

0.028 

0.016 

0.033 

0.034 

-0.002 

0.015 

0.011 

0.010 

-0.004 

0.004 

lEEHIiBI 

0.000 

0.000 

0.000 

Note:  For  Table  1,  x  refers  to  distance  from  leading  edge  along  the  blade  chord  and  y 


refers  to  perpendicular  distance  from  blade  diord 
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Table  2.  Htfoat 


and 


iig  laddeace  Angles 


a.  (deg) 

i  (d«g)  1 

25.43 

-1.08 

31.00 

+4.49 

35.83 

+9.32 

38.95 

+12.44 

Tables.  Location  of  Blade  Pressme  Ports 


II  Locatkm  in  Fraction  of  Qiord  i 

Suctkm  Surfiice 

Pressure  Sur&ce 

0.045 

0.070 

0.095 

0.120 

0.169 

0.195 

0.245 

0.270 

0.295 

0.320 

0.345 

0.370 

0.395 

0.420 

0.445 

0.470 

0.495 

0.520 

0.545 

0.620 

0.645 

0.670 

0.695 


0.720 


The  dements  of  die  AFTT  Cascade  Test  Fadhty  Digital  Data  Acquisitioii  System 
are  dqiicted  in  Figure  10.  As  can  be  seen  in  the  figure,  the  acquisition  ^em  consists  of  a 
central  computer  and  fimr  subsystems.  The  finir  subsystons  can  be  described  fimctkmally 
as  (1)  the  pressure  measurement  sub^em,  (2)  the  vdodty  and  temperature  measuronent 
subsystem,  (3)  the  tempoature  measuremoit  subsystem,  and  (4)  the  traverse  cmitrol 
sub^em.  A  detailed  equ^ment  listing  is  presented  in  Appendix  B. 

Central  Compiiter  The  central  computer  for  the  data  acquisition  system  is  a 
Zenith  Z-248  computer.  The  computer  is  equqiped  with  a  math  coprocessor  to  ^leed 
numerical  computations.  The  software  whkli  commands  the  acquisition  process  is  wrhten 
in  MS-QuickBasic  4.S.  The  software  consists  of  sevoal  multi-module  programs  and 
provides  automation  of  both  data  acquisiticm  and  data  reduction. 

Pressure  Measurement  Subsvstan.  The  pressure  measurement  subsystem  cmisists 
of  a  Pressure  Systems,  Inc.  Model  8400  Pressure  Scanner,  three  32-port  transducer 
blocks,  a  total  pressure  rake,  and  a  CEC  Modd  2500  Ihgital  Barometer.  The  pressure 
scanner  was  used  to  measure  the  cascade  inlet  totd  and  static  pressures,  the  blade  surfiice 
static  pressures,  and  the  cascade  exit  total  and  static  pressures.  The  digital  barometer  was 
used  to  measure  the  laboratory  ambient  pressure. 

As  configured  in  this  study,  the  pressure  scanner  scanned  the  output  finm  the 
transducer  blocks  at  a  rate  of  20  kHz.  For  one  data  point,  it  sanqiled  each  of  the  96  ports 
1 1  times  and  calculated  the  arithmetic  mean  of  the  1 1  values  wfaidi  resulted  in  a  t(^ 
sample  time  of  0.053  seconds.  The  pressure  scanner  has  an  internal  certified  standard 
transducer  wfaidi  was  used  for  calibration  at  the  beginning  of  eadi  test  nm.  The  standard 
transducer  is  supported  by  an  internal  heater  to  mfaiimize  the  influence  of  ambient 


temperature  fluctuations. 


Hie  transducer  blodks  provided  96  transducers  from  whidi  pressure  was 
measured.  Eacb  transducer  block  has  one  refoence  port  v^uch  was  vented  to  amlrient 
conditkms.  Each  block  also  contains  a  phmger  opmated  valve  v^iidi  redirected  die 
sensing  location  of  the  transducers  to  a  known  refivence  pressure  during  calBiratkm. 

The  tmal  pressure  rake  was  used  to  measure  die  total  pressure  at  the  cascade  exit. 
A  schematic  of  the  total  pressure  rake  is  shown  in  Figure  1 1.  Each  of  its  1 1  tubes  has  an 
inner  diameter  of 0.0635  cm  and  an  outer  diameter  of 0.0889  cm.  The  centers  of  the  tubes 
are  equally  ^aced  at  0.381  cm  This  spacing  resuked  in  a  measurement  ^an  of  75 
percent  of  the  blade  span. 

The  <%ital  barometer  was  used  to  measure  ambient  pressure  frir  each  data  pomt. 

It  is  equqiped  with  an  IEEE  488  mterftce  which  freflitated  automation  of  the  ambknt 
pressure  data  acquisition.  The  digital  baromet»  also  has  an  internal  heater  to  minimiTe 
the  influence  of  ambient  temperature  fluctuations. 

Velocitv  and  Temperature  Measurement  Subsystem  The  velocity  and 
temperature  measurement  sub^on  ctmsists  of  a  TSI  Modd  IFA  100  hneDigent  Flow 
Anafyzer,  a  TSI  Model  IFA  200  System  Multidiannel  Digitizer,  a  TSI  x>configuration 
hot-fihn  probe,  and  a  thermocoiqile. 

The  intelligent  flow  anafyzer  was  used  to  acquire  vdodty  and  tonperature  data.  It 
cemtains  a  Model  140  Temperature  Module  which  acquired  voltage  from  the 
thermocouple.  It  also  contains  two  Modd  150  Constant  Tempoature  Anemometer 
Modules  ^lidi  acquired  voltages  from  the  hot-fihn  sensors.  The  g»in,  ofifret,  and  low 
pass  filtering  were  provided  by  three  Modd  157  Signd  Conditioners.  As  configured  in 
this  study,  the  gain  was  set  to  5  and  the  ofi&et  was  set  to  2,  to  make  maximum  use  of  the 
range  of  the  digitizer.  The  low  pass  filter  was  set  to  5  kHz  to  dinunate  aliasing  at  the  10 
kHz  sample  rate. 
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The  muhidimnd  digitizer  was  tued  to  gcanind  digitize  die  volUgesfrwnAe 
signal  cooditioners  in  the  intciligent  flow  analyza'.  It  contains  three  Modd  252  Digitizers. 
As  configured  in  this  study,  die  digitizer  acquired  the  velocity  and  tenq>eratuie  voltages 
shnukaneously  at  a  sample  rate  of  10  kHz. 

The  hot-fihn  probe  was  used  to  acquire  vdodty  and  turhuleace  data.  Asdionatic 
of  the  hot-fihn  probe  is  diown  in  Figure  12.  As  shown  in  Figure  12,  one  hot-fihn  probe 
consists  of  two  sensors.  TSI  Modd  1241-10  and  Modd  1241-20  x-configuration  hot-fihn 
probes  were  used.  DifiSnent  model  numbers  were  used  based  on  the  limited  availability  of 
the  probes  and  because  the  probes  are  very  fi’^ile  and  consequently  wm  broken  during 
this  study.  All  of  the  probes  used  gave  accqitable  results  during  the  verification  phase  of 
the  calibration  (see  Chiqiter  IV). 

The  thermocoiqile  used  in  this  subsystem  was  used  to  measure  the  probe  calibrator 
totd  tenqierature.  This  thermocoiqile  is  an  Om^  T-type  copper-constantan 
thermocoiqile. 

Temperature  Measurement  Subsvstmn.  The  tenq>erature  measurement  sub^-stem 
was  used  to  siqiplement  the  temperature  measuronent  capability  of  the  vdodty  and 
tenqierature  measurement  subsystem.  This  was  needed  because  the  velocity  and 
tenqierature  measurement  subsystem  is  only  equable  of  accommodating  two 
thermocoiqiles,  and  three  thermocoiqiles  were  used  in  this  study.  The  tenqierature 
subsystem  measured  cascade  totd  tenqierature  and  ambioit  tenqierature.  It  consists  of  a 
Hewdett-Packard  Model  3455A  Digital  Voltmeter,  a  Hewdett-Packard  Model  349SA 
Scanner,  and  2  Omega  T-type  thermocoiqiles. 

Traverse  Control  Subsystem.  The  traverse  control  subsystem  consists  of  two 
New  Bigland  AflBliated  Tedmologies  Model  301  Programmable  Motion  Controllers  and 
two  Orioitd  Motor  Company  Stqiper  Motors.  One  of  eadi  of  these  was  used  for 
traverse  in  the  cascade  pitdiwise  direction,  and  one  of  eadi  was  used  fi>r  traverse  in  the 
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spaawise  direcdaiL  When  attached  to  die  tnvaiaigiiiediaiiuni,t]ieres(Aitioii  of  ^ 
subsystem  is  0.0013  on. 
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Hnt-wire/ffliti  CaKhtatkiii 

Overview.  Hot-wire  anemometiy  wts  die  method  cikosea  to  measure  die  velodty 
m  the  cascade  outlet  duct  and  the  £k>w  deflectko  duougli  die  cascade.  Hot-wire 
anemometiy  is  a  method  of  detcnnining  the  vdochy  and  direction  of  a  flowii^  fluid  by 
meaniriiig  the  amount  of  eneargy  dissyated  by  a  heated  wire  placed  in  &e  flow.  The  two 
commonly  used  methods  of  measuring  this  energy  dissipation  use  eidier  constant 
temperature  or  crmstant  current  pimcples.  Ihis  stuffy  used  the  constant  temperature 
method.  In  ccmstant  tenperature  anemometry,  a  current  is  passed  dirou^  a  thin  wire  and 
the  amount  of  voltage  required  to  «  ^  the  resistance,  and  hence  die  temperature,  constant 
is  measured.  This  input  voltage  is  then  used  to  determine  the  mass  flow  of  the  fluid 
flowing  over  the  wire.  Fromthemassflow,the  velocity  of  the  fluid  is  determmed.  Wnh 
an  x-configuradon  probe,  the  magnitudes  of  the  velodties  flowing  across  two  wires  at  a 
known  angle  to  eadi  other  are  measured.  From  these  magnitudes  and  die  known  angle 
between  the  wires,  the  direction  and  the  magnitude  ofthevdodty  is  detemmed.  The 
oponting  princples  of  hot-wires  and  the  devdqimeat  of  the  following  equations  are 
discussed  by  DeCook  (1991).  A  comprehensive  b3>liogrq>hy  of  smirces  detailing  the 
theory  of  the  electrical  and  thermodynamic  relationshps  used  in  hot-wire  anemometry  may 
be  found  in  A  BMographv  of  Thermal  Anemometrv  bv  Peter  Freymuth  (1982). 

As  stated  in  dupter  m,  the  probes  used  in  this  study  were  TSI  Model  1241-10  and 
Model  TSI  1241-20  hot-fihn  probes.  The  difiermce  between  wire  and  film  sensors  is  that 
the  lattm*  is  a  quartz  c^der  with  a  conductive  film  dqiosited  on  it  as  opposed  to  an 
actual  wire.  Film  soisors  are  typicalfy  less  fingile  than  wire  sensors;  howevo'  wire  sensors 
typically  have  hi^er  firequmcy  reponse  than  film  sensors.  The  fiequency  response  of 
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both  types  of  sensors  were  st  lets!  twice  ss  high  as  the  sample  rate,  and  thaefixre  the 
sturdier  hot-fihn  sensors  were  chosen. 

Goveming  Equations.  The  equatkms  that  follow  are  given  by  DeCook(  1991) 
and  were  inqilemented  with  the  calibration  and  data  reductimi  software.  The  eqiuttkms 
used  in  this  study  are  sunnnarized  here  for  reference. 

The  fluid  velocity  was  found  using  the  definition  of  the  Reynolds  number.  In  this 
study,  the  Reynolds  number  was  defined  as 


Re  m 


(15) 


The  efifective  velocity  over  each  soisor  of  the  probe  is  the  vector  sum  of  the  component  of 
velocity  normal  to  the  sensor  axis  and  a  fiaction  of  the  velocity  parallel  to  the  sensor  axis. 
The  relationship  between  the  effective  velocity  and  the  actual  fluid  velocity  is 


=  FVsin*  a+k*  cos*  a 


(16) 


The  cooling  ratio  is  related  to  the  ratio  of  the  sensor  length  to  the  soisor  diameter  and  was 
determined  as  a  resuh  of  the  angle  and  velocity  calibration  procedure  described  below. 

The  Reynolds  nunfoer  was  found  by  solving  the  equation 


A  +  B'y}  Re  +C/?e 


(17) 


The  constants  A,  B,  and  C  were  determined  by  the  previous^  mentioned  calibration  and 
the  tenqierature  loading  foctor  (h)was  determined  by  a  s^arate  tenqierature  calibration. 
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Each  of  these  cahbratuni  procedures  are  detailed  bdow.  The  method  of  stdving  Eqwttkms 
(15)-(17)  for  the  actual  fluid  velocity  are  thoroughly  detailed  by  DeCook  (1991). 

CaKhration  Procerfure  The  calibratioD  procedure  for  the  hot-film  pnfoe  cmisisted 
of  two  parts:  (1)  a  velocity  and  angle  calibration,  and  (2)  a  temperature  calforatifui.  The 
first  of  these  required  a  set  of  velocity  measuremoits  and  a  set  of  angle  measurements. 

This  procedure  determined  the  constants  ^4,  B,  and  C  in  equation  (17)  and  the  value  ofk  in 
equation  (16).  The  first  stq>  was  accomplished  by  performing  a  31-point  unidirectional 
calibration  at  a  constant  air  total  tenperature  with  velocities  ranging  from  65  m/s  to  ISO 
m/s.  Next,  a  2 1-point  unidirectioiul  angle  calforation  was  performed  with  angles  ranging 
fi’om  +10  deg  to  -10  deg.  The  ranges  of  velocities  and  angles  used  in  the  calibratimi  were 
chosen  based  on  expected  ranges  of  velocities  and  angles  to  be  found  in  the  cascade. 

These  choices  proved  to  include  at  least  two  standard  deviations  of  both  the  velocities  and 
angles  that  were  found  in  the  cascade  and  were  therefore  determined  to  be  accqrtable. 
Equations  ( 16)  and  ( 17)  were  solved  by  setting  the  tenperature  loading  fiictor  to  zero  to 
tenporarily  efiminate  the  tenperature  dependency  of  constants  d,  B,  and  C.  These 
constants  were  then  calculated  for  a  range  of  values  of  k  using  the  known  calibrator 
velocities  and  angles  with  the  tenperature  held  constant.  The  resulting  coefficients  were 
then  used  with  the  known  velocities  and  angles  measured  with  the  calibrator  to  calculate 
the  sum  squared  error  {SSEI).  The  sum  squared  error  was  conputed  (with  the  value  of  b 
set  to  zero)  for  each  value  of  k  by 

ssE  =  y" 


h 

1  /  \ 

Nuj 

It) 

“  ( +  B^Rgj  +  CRCj ) 

(18) 


Hie  value  of  k  iwtich  produced  the  lowest  SSE  for  the  vdocit>'  and  angle  calibration  was 
used.  The  values  used  in  this  study  varied  from  0.09  to  0.45  and  depended  on  the 
particular  hot-fihn  sensor  that  was  used. 

With  the  values  of  i4,  B,  and  C  determined,  the  tenqioature  calibration  was 
acconqiHshed  to  determine  the  value  of  the  temperature  loading  coefficient.  Ibis 
procedure  consisted  of  taking  a  series  of  velocity  measurements  while  the  total 
tenqierature  of  the  airflow  was  varied.  The  range  of  teiqieratures  used  in  the  calibratimi 
was  chosoi  based  on  an  eiqpected  range  of  tenqieratures  to  be  found  in  the  cascade.  This 
process  was  repeated  twice  to  include  measuremoits  of  both  high  and  low  velocities  at 
both  high  and  low  tenqieratures.  Equation  (18)  was  again  solved  by  using  the  previously 
determined  value  for  k  and  a  range  of  values  for  b.  The  value  of  b  yielded  the 

smallest  sum  squared  error  over  the  expected  toiqierature  range  was  diosen.  The  dioice 
of  b  was  dependent  on  the  particular  hot-fihn  sensor  that  was  used  and  varied  from  -0.  IS 
to  0.44 . 

Calibration  Verification.  With  the  vahi^  of  the  coefficients  determmed,  the 
calibration  was  verified  by  conqiaring  the  velocities  and  angles  indicated  by  the  probe  to 
known  velocities  and  angles  throughout  the  calforatitHi  tenqierature  range.  The  results  of 
this  verification  showed  the  probe  to  be  accurate  to  within  ±0.25  degrees  and  ±0.5  m/s 
within  a  4°C  tenqierature  range.  The  center  of  this  range  dqiended  on  the  particular 
probe  that  was  used.  Deviations  outade  of  this  range  produced  progressively  larger 
discrepancies  between  the  actual  flow  conditions  and  the  measured  flow  conditions. 

These  discrepancies  were  particularly  evident  with  the  angle  measurements.  The  angle 
measurement  discrepancies  increased  slo>^  iqi  to  a  maximuin  of  about  0.5  deg  at  the 
extremes  of  a  lO^C  tenqierature  range.  Therrfore  it  was  determined  to  actively  control 
the  total  tenqierature  of  the  flow  sudi  that  a  4°C  tenqierature  range  was  not  exceeded 
during  testing. 
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The  vdoddes  and  directions  measured  with  the  hot-fihn  probe  were  measured 
relative  to  the  line  bisecting  the  angle  between  the  two  sensors.  This  vdocity  was 
transformed  into  the  cascade  axis  system.  This  details  of  this  transformation  are  given  by 
DeCook(1991). 

Pressure  Measurement  Subsystem  Calibration 

The  PSI 8400  pressure  scanner  was  calibrated  using  an  mtemal  standard  and  an 
automated  calibration  process.  Because  the  calibration  was  automated,  the  time  required 
to  calibrate  the  96  pressure  transducers  in  the  system  was  less  than  4  minutes.  This 
allowed  a  conq)lete  calibration  (determinatiott  of  the  vohage/pressure  slope  and  ofi&et)  of 
each  transducer  to  be  performed  prior  to  each  test  run.  A  complete  calibration  consisted 
of  a  S-point  calibration  \diich  ranged  from  -1.0  pad  to  +1.0  psid.  In  addition  to  the 
conq)lete  calibration  prior  to  each  test  run,  the  data  acquisition  software  included 
provisions  to  adjust  the  ofi&et  of  the  vohage/pressure  curve  should  the  tenoperature  drift 
beyond  1.5°C  from  the  calibration  tenperature.  The  mplementation  details  of  the 
calibration  may  be  found  in  the  PSI  8400  Pressure  Scanner  I  Jsei*s  Maiiiial  ( 1993). 

Cascade  Inlet  Flow  Conditions 

A  survey  of  the  throat  was  made  with  the  hot-film  probe  to  determine  the  throat 
velocity  distribution  and  turbulence  intenaty.  Turbulence  intensity  quantifies  the 
magnitude  of  unsteady  velocity  fluctuations  vriiich  are  supermposed  on  the  steady  mean 
flow  velocity.  In  this  study,  velocity  fluctuations  were  measured  in  the  cascade  x-y  plane 
(Figure  4)  with  an  x-configuration  hot-film  probe.  Turbuloice  intenaty  (Tn)  for  one  data 
point  in  a  given  measurement  plane  is  defined  as 
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(19) 

(20) 
(21) 


^ere  L  is  100  sauries  taken  at  eadi  data  point.  The  smvey  was  made  whh  the  test 
section  removed  because  the  test  section  interfered  with  the  hot-fifan  probe.  The  plane 
surveyed  was  located  S.  1  cm  iqistream  of  the  throat  exit.  This  survey  revealed  a  sh^t 
skewness  to  the  velocity  distribution.  From  the  survey,  the  mass  avenged  turbulence 
intensity  was  found  to  be  0.68  percent  and  the  mass  avoaged  velodty  was  found  to  be 
135.6  m/s. 

Peiiodicitv.  The  periodicity  ofthe  inlet  static  pressure  distribution  was  measured 
with  the  test  section  in  place  and  the  straight  trailing  edge  blades  installed  at  eadi  ofthe 
four  incidence  angles.  The  inlet  periodicity  was  determined  by  sampling  23  inlet  static 
pressure  ports.  These  ports  were  located  O.OSc  iqistream  from  the  blade  row  leading  edge 
plane,  were  graced  at  0.46  cm  intervals,  and  covered  a  range  of  about  3  blade  pacings 
centered  on  the  leading  edge  of  the  center  blade.  The  inlet  plane  static  pressure 
distribution  was  found  to  be  periodic.  The  pmiodicity  results  are  discussed  in  Chiq)ter  V. 
Evaluation  of  the  periodicity  results  led  to  a  method  of  estimating  the  cascade  inlet  static 
pressure  for  each  data  point  in  a  givoi  meaairement  plane.  This  method  involved 
averaging  a  centered  period  of  static  pressure  values.  The  nine  inlet  static  pressure  ports 
that  were  centm'ed  on  the  center  blade  were  chosen  to  be  monitored  during  testing.  The 
arithmetic  mean  of  the  pressure  measuremmits  from  these  ports  was  taken  to  be  the  inlet 
static  pressure. 
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Tnlat  Tntal  Pressure.  The  final  a^ect  of  the  inkt  flow  condidoiis  tlut  wts 
evaluated  was  the  inlet  total  pressure.  In  this  study,  the  stiffing  duunber  static  pressure 
was  taken  to  be  the  stiffing  chamber  total  pressure.  The  total  pressure  losses  through  the 
bellmouth  and  the  total  pressure  losses  due  to  the  endwall  boundary  layer  suctum  wo-e 
quantified  experimentally.  The  measurement  made  to  determine  these  losses  was  made 
with  the  straight  trailing  edge  blades  mounted  in  the  test  section  at  the  +4.49  deg 
incidence.  The  total  pressure  rake  was  placed  so  that  it  was  about  O.OSc  tq>8tream  of  the 
blade  row  at  an  angle  of  approximate^  9.5  deg  to  the  flow  direction.  This  location  was 
downstream  of  the  endwall  suction  slots  and  at  the  same  axial  location  as  the  inlet  static 
ports.  The  9.5  deg  angle  was  determmed  to  be  accq)table  since  pitot  tubes  are  reasonably 
insensitive  to  small  angle  variations.  The  value  of  the  cascade  inlet  total  pressure  was 
taken  to  be  the  arithmetic  mean  of  the  1 1  total  pressure  readings  of  the  total  pressure  rake 
and  was  found  to  be  99.85  percent  of  the  stiffing  chamber  total  pressure  (0.9985  For 

all  calculations  in  this  study,  the  inlet  total  pressure  was  considered  to  be  0.9985 
\^ere  varied  fi’om  15.5  psla  to  15.8  psia. 

Cascade  Exit  Flow  Conditions 

The  exit  plane  of  the  cascade  was  evaluated  for  static  pressure  periodicity.  The 
size  of  the  measurement  window  and  discretization  of  the  measuremoit  window  were  also 
detemuned. 

Peiiodicitv.  The  cascade  exit  static  pressure  periodicity  was  evaluated  by 
sanq)ling  23  sidewall  static  pressure  ports.  These  ports  were  ^aced  at  0.46  cm  intervals, 
were  centered  on  the  trailing  edge  of  the  center  blade,  and  covered  a  range  of  about  3 
blade  spadngs.  This  row  of  ports  was  located  0.05c  downstream  fi’om  the  blade  row 
trailing  edge  plane.  The  measurmnents  were  made  with  the  straight  trailing  edge  blades 
mounted  in  the  test  section  at  the  +4.49  deg  incidence.  The  exit  plane  static  pressure 
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distribution  was  found  to  be  periodic.  The  poiodicity  results  are  discussed  in  Chqiter  V. 
Evahiating  the  periodidty  results  led  to  a  method  of  estimating  the  cascade  exit  static 
pressure  for  each  data  point  in  a  given  meaairanent  plane.  This  method  involved 
averagmg  a  centered  period  of  static  pressure  values.  Hie  nine  exit  static  pressure  ports 
that  were  centered  on  the  center  blade  were  chosen  to  be  mmitored  during  testing.  The 
arithmetic  mean  of  the  pressure  measurements  from  these  ports  was  takoi  to  be  the  exit 
sta^'c  pressure. 

F  gtahKfihment  of  the  SampKnp  Window.  the  periodicity  evaluated,  five 

planes  were  sarqiled  with  the  hot-fifan  probe.  These  surveys,  tidiidi  were  made  with  the 
straight  trailing  edge  blades  installed  at  the  +4.49  deg  incidence  angle,  were  used  to 
determine  the  appropriate  window  to  saiqile  during  the  data  acquisition  runs.  The  planes 
that  were  surveyed  were  located  at  x/c  =  O.OS,  0.30, 0.S6, 0.96,  and  1.37  downstream 
from  the  cascade  exit  i^ere  the  rows  of  adewall  static  ports  wore  located.  Using  these 
rows  of  static  ports  to  determine  the  location  of  the  measurement  planes  allowed  the  static 
pressure  at  each  x/c  location  to  be  most  accurately  measured. 

Contour  plots  of  the  velocity  distributions  were  evaluated  to  determine  an 
appropriate  sanqiling  window  for  all  of  the  planes.  The  diosen  sampling  window  is  shown 
in  Figures  13  and  14  idiere  the  center  blade  is  located  at  y  =  0.  For  the  initial  velocity 
surveys,  relatively  coarse  grid  pacings  of  0. 127  cm  in  the  y  direction  and  0.279  cm  in  the 
z  direction  were  used.  As  can  be  sem  in  Figures  13  and  14,  the  blade  wakes  and 
associated  vortices  migrated  in  the  negative  pitchwise  direction  from  the  trailing  edge  of 
the  center  blade  as  they  developed  downstream  of  the  cascade  exit  plane.  To  cqiture  this 
phenomenon,  the  sanqiling  window  was  chosen  to  cover  a  range  from  1.22  cm  above  the 
trailing  edge  of  the  center  blade  to  2. 16  cm  below  the  trailing  edge  of  the  coiter  blade. 

This  range  covered  one  blade  pacing  and  was  chosoi  so  that  the  extremes  of  the  window 
were  outside  of  the  blade  wakes.  The  window  was  chosoi  sudi  that  all  wake  turbulmce 
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Slid  vortices  in  the  wmdow  came  from  the  oeater  Made.  The  window  was  also  chosen  to 
allow  for  an  antic^ated  greater  migratHm  of  the  blade  wakes  and  vortices  at  the  hi^iest 
incidence  angte. 

With  the  range  of  the  window  chosen,  the  disoedzatimi  of  the  window  was  then 
determined.  From  the  preliminary  (xmtour  plots,  it  could  be  seen  that  cmiditions  changed 
mudi  more  rapidly  in  the  pitchwise  (y)  directum  than  in  foe  qianwise  (z)  direction,  lliis 
indicated  that  foe  sampling  grid  should  be  as  fine  as  practical  in  foe  pitch  direction  and 
could  be  coarser  in  foe  ^an  direction.  The  total  pressure  rake  planned  a  distance  of  3.81 
cm  and  had  tubes  at  0.381  cm  intervals.  Ihe  hot-fihn  probe  however,  could  be  placed  at 
mudi  smaller  intervals  but  could  onfy  scan  an  additional  0.05  cm  in  foe  qianwise  direction. 
It  was  decided  that  foe  distance  and  pacing  of  foe  total  pressure  rake  would  be  adequate 
for  foe  hot-fihn  probe  as  well  A  mudi  finer  grid  of 0.025  an  was  used  in  foe  pitch 
direction  than  in  foe  span  direction  for  both  instruments.  This  qiadng  ensured  that 
approximate^  10  measuremeats  were  taken  within  foe  wake  because  foe  thickness  of  foe 
blade  wake  was  found  to  be  approximate^  0.25  cm  at  foe  first  sampling  plane.  While  a 
finer  grid  would  have  provided  more  resolution,  foe  time  required  to  scan  foe  window 
would  have  beat  excesave.  The  measurement  plane  discretization  was  chosen  to  be  foe 
same  for  foe  hot-fihn  probe  and  foe  total  pressure  rake;  this  resulted  in  1474  points  being 
sanq)led  for  each  window  surveyed. 

Data  Acqui^im 

Tailboard  Balancing  The  tailboards  (Figure  7)  were  balanced  prior  to  foe  first 
test  run  for  each  configuration.  "Tailboard  balandng"  refers  to  foe  procedure  of  adjusting 
foe  cascade  tailboards  such  that  they  are  optimal^  positioned.  This  procedure  was 
necessary  to  mmiinize  foe  infiuence  of  foe  tailboards  on  foe  flow  deflection  for  eadi 
cascade  configuration.  The  two  primary  objectives  of  balancing  foe  tailboards  were  to 
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ensure  the  diffiiser  exit  pressure  wts  equal  to  ambknt  pressure  and  to  ensure  diat  die  top 
and  bottom  tailboards  had  the  same  pressure  distrSnition.  Since  it  was  desired  to  have 
andiient  pressure  at  the  exit  plane  of  the  diffiiser,  the  pressure  at  the  «dt  plane  of  the  blade 
row  varied  with  flow  deflectum  angle,  hi  all  cases  the  tailboards  were  balanced  to  achieve 
0  +  0.09  psig  at  the  HiflKiaer  exit  and  0  ±  0.09  psig  between  t<9  and  Ixmoin.  Hiis  resulted 
in  blade  row  exit  pressures  of 0.047  to  0.083  psig  dqiending  on  the  particular  cascade 
configuration.  These  procedures  also  omired  the  previously  mentiimed  periodic  pressure 
distribution  across  the  blade  exit  plane.  The  tailboards  woe  balanced  with  the  instrument 
to  be  used,  either  the  total  pressure  rake  or  the  hot-fihn  probe,  installed  in  the  cascade. 

Instrument  Atiyntnent  The  procedures  for  aligning  each  of  the  instiuments  (the 
hot-fihn  probe  and  the  total  pressure  rake)  were  neai^  the  same.  Eadi  was  centered 
^anwise  downstream  of  the  cater  blade  and  the  r^nence  point  of  the  traverse  control 
subsystem  was  set  to  zero.  The  spanwise  alignment  process  required  the  removal  of  the 
sidewaD  and  the  subsequent  balancing  ofthe  tailboards  (r^ience  Figure  7).  The 
pitchwise  alignment  was  made  with  the  tailboards  aligned  and  the  airflow  turned  on.  The 
precision  with  \^di  the  instrummts  could  be  aligned  was  ±  0.13  mm  An  additional 
alignment  check  was  made  for  the  hot-fihn  probe  to  ensure  that  it  was  aligned  with  the 
cascade  x-axis.  This  dieck  was  made  in  the  flow  and  any  corrections  for  misalignment 
were  made  to  the  reduced  data. 

Pressure  Measuremait.  The  pressure  measurement  process  was  fully  automated. 
An  pressures  were  read  into  the  central  coiiq)uter  fi-om  the  pressure  measurement 
subsystem.  The  pressure  data  received  by  the  catral  conptiter  were  in  reduced  form  (Le., 
psig).  The  arithmetic  mean  of  the  static  pressure  readings  fi^om  the  nine  ports  at  the 
cascade  inlet  was  calculated;  and  the  arithmetic  mean  of  the  static  pressure  readings  from 
the  nine  ports  at  the  cascade  exit  measuremat  plane  was  calculated.  The  resulting  mean 
values  were  taken  to  be  the  inl^  and  exit  static  pressures  re^ectively,  and  were  written  to 
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die  data  file  for  eacii  data  point.  The  ttilfing  diamber  Matk  presaure  was  read  diroctiy  into 
thedatafile.  The  static  pressure  poits  on  both  surfings  ofthe  center  Made  were  sampled 
by  the  pressure  scanner  for  each  blade  con^;uration  at  each  of  die  finir  incideace  angles. 

Each  pressure  reading  passed  <m  to  the  central  computer  represented  the 
aiithmeticiiieanof  11  samples  taken  at  208  Hz.  The  pressure  transducers  were  referenced 
to  amibieat  pressure.  The  ambient  pressure  was  monkmed  by  the  central  computer  via  the 
digital  barometer.  Because  the  dqised  time  between  the  first  data  point  and  the  last  data 
point  was  as  long  as  90  minutes,  an  ambient  pressure  reading  was  taken  for  each  of  the 
1474  data  points. 

Temperature  Measurement  The  temperature  measurement  process  was  fiilly 
automated.  The  thermocoiqilesv^ch  monitored  the  sdUmgchanaber  total  temperature 
and  the  anfoient  tengierature  were  read  for  eadi  data  point.  The  temperature  data 
received  by  the  central  computer  were  in  raw  form  (Le.,  Volts).  These  voltages  were  then 
transformed  into  temperatures  during  data  reductum. 

Total  Preaaire  Rake  Poaiti<Mung.  The  total  pressure  rake  (Hguie  1 1)  positioning 
procedures  were  automated  excqit  for  the  initial  alignment.  The  airflow  was  turned  mi 
and  the  tank  and  ambient  temperatures  were  allowed  to  stabilize.  The  central  computer 
positioned  the  traversing  mechanism  at  the  hipest  pitdiwise  point  of  the  traverse  via  the 
traverse  control  subsystem  AD  total  pressure  rake  data  runs  were  made  usmg  a  vertical 
traverse  with  the  rake  ahgned  with  the  span  of  the  blades.  At  eadi  point  of  the  traverse, 
the  readings  fi'om  each  of  the  1 1  total  pressure  tubes  were  read  firom  the  pressure  scanner. 
If  the  diange  in  pressure  firom  one  point  to  the  next  resulted  in  a  diange  of  more  than  0.02 
psidfor  any  ofthe  11  total  pressure  rake  tubes,  that  point  was  re-taken  for  aD  11  tubes. 
This  process  was  repeated  until  aD  tubes  showed  a  change  in  pressure  of  less  than  0.02 
psid  for  two  consecutive  samples.  AD  1 1  pressures  were  recorded  shnuhaneoudy.  The 
previous^  moitioned  grid  pacing  resulted  in  134  vertical  points  being  taken  to  covo*  the 
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survey  wn^ow  ami  required  frmn  7  to  23  nuBules  to  ctnoplete  lor  each  meesurement 
pUme. 

Prnha  PoarioniBy  llie  llOt-film  probe  (FlgUI«  12)  |K>iitkMI^ 
procedures  were  also  aut(»nated  except  for  die  initial  alipunem,  but  used  a  diglitly 
di£Bsrent  scanning  pattern  than  did  the  pressure  rake.  The  difference  being  that  it  traversed 
in  the  qiian  direction  in  addition  to  the  pitch  direction.  This  difference  required  dut  the 
probe  be  positioned  for  eadi  of  die  1474  data  points  (as  o|qK>sed  to  only  134  vertical 
points)  and  caused  significantly  longer  run  times  of  90  minutes.  Iheae  longer  run  times 
and  the  sensitivity  of  the  hot-fihn  sensors  to  temperature  dianges  made  it  necessary  to 
actively  control  the  stilling  chamber  total  temperature.  This  was  done  by  configuring  die 
blower  intake  sudi  that  a  combination  of  outdoor  air  and  laboratory  air  fiowed  nto  the 
blower.  Outdoor  air  entered  the  blowo-  containment  room  fiom  a  fixed  geometry  duct. 
Laboratoiy  air  entered  the  blower  throuf^  the  blower  containment  room  door.  The 
proper  mixtore  of  outdoor/laboratory  air  was  mamtained  by  varying  the  door  position  such 
that  the  total  temperature  of  the  stilling  chamber  was  maintained  within  the  range  as 

mentioned  in  the  cafibration  procedure.  At  eadi  point  in  die  measurement  plane,  100 
samples  of  the  hot-fihn  voltages  were  taken  at  a  rate  of  10  kHz.  The  arithmetic  mean  of 
the  100  sanqiles  and  the  root  mean  squared  (rms)  fluctuation  fimn  the  mean  for  each  hot- 
fihn  voltage  was  recorded  altmg  with  the  pressure  and  tenqierature  data  at  each  point. 
These  quantities  were  written  to  data  files  for  subsequent  data  reduction. 

Dsu  Reduction 

The  data  reduction  was  accomplidied  by  enqiloying  two  sqiarate,  but  not 
mdqiaident,  reduction  procedures.  These  two  procedures  were  the  total  pressure  rake 
data  reduction  and  the  hot-fihn  probe  data  reduction.  As  discussed  bdow,  the  two 
procedures  wore  not  mdqiendent  because  the  total  pressure  rake  data  reduction  procedure 
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depended  on  the  renks  of  die  hot-fifan  probe  data  reduetkn  procedure  to  implement  ^ 
mass  averaging  of^  total  pressure  loaaco^Scient.  Both  reduction  procedures  reduced 
the  thermocoiqile  voltages  by  using  a  calibration-derived  temperature/vohage  fimetion. 
The  reduction  procedures  are  discussed  bdow. 

Total  Pressure  Rake  DaU  itaAicrwn  bi  this  study,  the  total  pressure  loss 
coefficient  was  the  onfy  rqiorted  quantity  ffiat  used  measuronents  taken  by  die  total 
pressure  rake.  The  total  pressure  rake  was  used  to  measure  at  eadi  location  m  die 
measurement  plane.  With  Pgi  measured,  the  quantity  (Pgi-Pa})  was  calculated.  Recall  P,, 
was  the  total  pressure  at  the  cascade  inlet  and  was  found  eiqierimentally  to  be  0.998S  . 

The  value  for  p,  in  Equation  (4)  was  calculated  by 

A  -  ^  (22) 


The  value  for  r,  in  Equation  (22)  was  calculated  by 


(23) 


The  value  for  F,  in  Equation  (4)  was  calculated  by 


(24) 


After  the  total  pressure  loss  coefficient  was  conqiuted  for  eadi  location  in  the 
measurement  plane,  these  values  were  mass  averaged.  This  mass  averaged  result  provided 
a  total  pressure  loss  coeffidoit  for  the  measuremoit  plane  as  a  vriiole.  The  mass 
averaging  was  acconqilished  according  to  Equation  (7)  with  being  replaced  by  iSj .  The 
value  for  p,  in  the  mass  averaging  sdieme  was  calculated  using  Equations  (22)  and  (23) 
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with  an  inlet8ub8GT^s(l)  dinged  to  measuronent  plane  subsor^ts  (2).  Tlieveiodty 
used  in  the  iwm  averaging  srheme  was  the  axial  component  of  vdodty  taken  frcnn  Ae 
hot-fihn  probe  data  reduction  results. 

Hnt-fihn  Probe  Data  Reduction.  Vahies  for  the  axial  vckKaty  density  ratio,  flow 
deflectitm,  outlet  turbuknce  intensity,  wake  vdodty  deficit,  nd  outlet  vdodty  varince 
were  calculated  solely  from  data  acquired  with  flie  hot-fihn  probe.  The  reduction  of  the 
hot-fihn  probe  voltages  into  vdodties  nd  angles  at  each  location  in  the  measurement 
plane  was  accomplidied  using  Equation  (17)  udiere  velodty  is  embedded  in  the  Reynolds 
number  nd  voltage  is  endiedded  in  the  Nussdt  number  fiir  each  sensor.  The  flow  angle  is 
then  found  fi-om  the  vdodty  about  eadi  sensor  nd  the  known  ngle  between  the  sensors. 
A  detailed  discusaon  of  the  reduction  procedures  used  to  transform  file  hot-fihn  probe 
vohages  to  velocities  nd  ngles  is  given  by  DeCook  (1991). 

The  flow  deflection  ngles  calculated  for  each  location  in  the  measurement  pine 
were  mass  averaged.  This  was  acconqilidied  by  using  Equafin  (7). 

The  mass  wei^ted  outlet  velocity  varince  was  calculated  using  Equation  (13). 
The  values  for  the  other  quntities  in  Equation  (13)  were  cdculated  as  previous^ 
discussed.  As  explained  in  Chapter  n,  this  eiqiression  fiir  outlet  velodty  varince  is  a 
mass  wei^ted  value  nd  thus  did  not  require  inqilementation  of  Equation  (7). 

The  wake  velocity  deficit  was  calculated  using  Equation  (8).  The  mass  averaged 
value  for  the  velocity  in  the  measurement  pine  was  calculated  using  Equation  (7).  In  this 
study,  the  fi’eestream  velocity  in  Equation  (8)  was  assumed  to  be  the  arithmetic  men  of 
the  velocities  within  the  75th  percentile  of  all  the  velocities  recorded  in  the  measurement 
pine.  This  assumptitm  was  found  to  reasonably  valid  by  examining  the  results  presented 
in  Chapter  V. 

The  nondimensional  static  pressure  rise  was  calculated  using  Equation  (3).  In  this 
equation,  p  was  taken  to  be  the  arithmetic  men  of  the  sidewall  static  pressures  measured 
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tt  the  same  axidk>c«tkm  as  die  measurement  pkae.  The  odia  quantities  in  Equ^km  (3) 
were  calculated  as  prevkms^  discussed.  Hie  blade  static  pressure  cocffidents  were  also 
calculated  using  Equation  (3).  In  this  case,/;  was  taken  to  be  the  blade  surfiice  static 
pressure  measured  at  each  locatkm  on  the  blade  surfiice  as  listed  in  Table  3. 

The  axial  velocity  density  ratio  was  calculated  using  Equatum  (2).  The  quantities 
p,  and  in  Equation  (2)  were  taken  to  be  those  values  calculated  at  the  mid^an 

locatkms  (z  =  0)  in  the  measurement  plane.  This  resuhed  in  n  =  134  midspan  locatkms. 
The  other  quantities  in  Equation  (2)  were  calculated  as  previously  discussed  ^ere 
K,  =  Ficosa,. 

Firnr  Analysis 

The  manu&cturer  qiecified  accuracies  for  the  various  pieces  of  data  acquisitum 
equqiment  are  discussed  in  Appendix  C.  The  errors  resulting  from  these  accuracies  are 
calculated  in  i^pendix  C  and  summarized  in  Table  S. 


Tables.  Estimated  Equipment  Errors 
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Repeatobflitv 

Hie  results  of  diis  study  were  vaUdsted  by  conducting  rqieat  test  runs.  These 
rqieat  runs  were  nomulfy  made  at  the  x/c  =  O.OS  measurement  plane.  This  location  was 
chosoi  since  it  was  determined  to  be  the  most  sensitive  to  changes  in  either  cascade 
conditions  or  instrument  alignment  and  calSmtum.  Before  a  rqieat  run  was  made,  the 
cascade  blower  was  turned  o£f  and  the  ^em  was  allowed  to  blow  down,  hi  most  cases 
the  rqieat  run  was  made  qiproximatefy  eight  hours  after  the  initial  run  at  that  location,  in 
some  cases  the  repeat  run  was  made  on  the  day  followiiig  the  initial  run  with  the  ^em 
having  been  shut  down  for  several  hours. 

A  repeat  run  was  considered  to  validate  the  initial  results  if  the  rqieated  nm 
yielded  results  vdiidi  differed  fi'om  the  initial  reailts  by  no  more  than  the  estimated  errors 
listed  in  Table  S.  If  the  repeat  run  did  not  corroborate  the  initial  results,  then  another 
repeat  run  was  made  at  the  x/c  =  0.56  measuremoit  plane.  If  this  run  also  foiled  to 
corroborate  the  initial  results,  the  cause  of  the  different  results  was  investigated  and 
corrected.  Following  this  investigation,  the  data  acquisition  process  was  rqieated  in  its 
entirety. 
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Hie  Results  are  presented  as  a  fimctum  of  locatkMi  downstream  from  the  cascade 
and  also  as  a  fimction  of  incidence  angle.  Ihe  dependence  of  the  various  quantities  m 
location  downstream  provides  insiglit  into  the  trends  lAhkh  resuhed  fr:om  the  wake 
development  process.  However,  the  troids  associated  with  incidence  angle  vaiiatkms  can 
be  difficult  to  visualize  pkMted  versus  location  downst<‘eam;  therefore  both  fiirmats 
are  used.  The  amount  of  uncertainty,  or  estimated  error,  associated  with  each  quantity 
presorted  in  this  diqiter  is  presented  in  Table  S.  Three-dimensional  contmu-  plots  are  also 
presoated  to  siqiport  and  clarify  results  as  needed. 

Evaluation  of  the  Cascade  as  a  Model 

The  axial  velocity  doisity  ratio  (A  VDR)  through  the  cascade  and  the  peiiodidty  of 
the  static  pressure  distributions  at  the  cascade  intet  and  exit  were  used  as  the  basis  of 
evaluating  the  cascade  as  a  model  The  A  VDR  evaluation  was  fiicused  on  determining  the 
cascade  flow  condition  relative  to  the  two-dimensional  flow'  condition.  It  is  inqiortant  to 
enqihasize  however  that  adiieving  two-dimenaonal  flow  was  not  an  objective  of  this 
eiqieriment.  The  two-dimmsional  flow  condition  (A  VDR  =  1)  was  used  onfy  as  a  point  of 
conqiarison  to  determine,  in  relative  terms,  the  inqiact  of  the  secondary  flow  on  the 
andean  mass  flux.  The  periodicity  on  the  other  hand  was  evaluated  in  a  more  qualitative 

manner 

Axial  Velocity  Densitv  Ratio.  The  A  VDR  was  calculated  at  the  mid^an  of  the 
five  measuremoDt  planes  downstream  of  the  cascade  using  both  blade  configurations.  The 
results  are  shown  in  Figure  IS.  From  these  results  it  can  be  seen  for  all  test  runs  that 
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0.97  <  A  VDR  <  1.04.  These  bounds  tm  the  ^4  VDR  indicate  that  the  midspan  mass  flux 
through  the  cascade  mcreased  by  as  nidi  as  4  percent  or  deoeased  by  as  much  as  3 
percent.  Sdiolz  (1977)  estabh^es  the  bounds  of  quasi  two-dimensknul  flow  as  bemg 
0.8</4HW?<  1.2.  However  as  stated  in  Oiapterll,  the  is  not  sensitive  to  the 

presence  of  secondary  flow  whidi  may  be  concentrated  away  fiom  the  mkhpan  of  the 
blade.  This  type  of  secondary  flow  was  found  to  exist  m  the  cascade.  Because  its 
presence  is  more  easily  observed  fiom  an  examinatkHi  of  the  total  pressure  losses,  the 
secondary  flow  in  the  cascade  is  discussed  in  the  total  pressure  loss  resuhs. 

The  A  VDR  results  also  indicate  that  the  aenulated  blades  generally  diowed  a 
higher  A  VDR  than  that  of  the  straight  trailing  edge  blades.  It  is  su^ected  that  this 
phenomenon  is  related  to  the  crenulation  induced  vortices.  These  vortices  died  on  either 
side  of  a  crenulation  and  are  diaracteiized  by  a  defect  in  axial  mass  flux.  Because  a 
croiulation  is  located  at  coiter  ^an,  it  forces  a  local  contraction  of  the  flow  between  the 
two  vortices  vdiich  resuhs  in  an  increase  in  midspan  axial  mass  flux. 

Periodicity.  The  inlet  and  exh  sUtic  pressure  distribution  periodicity  were 
evaluated  at  O.OSc  iqistream  from  the  blade  leading  edge  and  O.OSc  downstream  from  the 
blade  trailing  edge  re^ectively.  Measuremoits  were  taken  across  three  blade  spacings  for 
each  incidence  angle.  The  periodicity  resuhs  are  diown  as  phdiwise  static  pressure 
distributions  nondimoisionalized  by  inlet  total  pressure  in  Hgure  16.  The  resuhs  show 
that  the  exh  pressure  distributions  for  all  inddaice  angles  were  essentially  periodic.  Thk. 
resuh  was  forced  by  the  tailboard  balancing  procedures  outlined  in  Chapter  IV.  The 
consequoice  of  this  tailboard  balancing  tedmique  is  shown  by  the  resulting  skewness  and 
variation  in  the  peaks  of  the  inlet  pressure  distributions.  Ahhou^  the  inlet  pressure 
distributions  exhibh  noticeable  skewness  and  variations  in  peak  values,  these  inqierfections 
are  relative^  small  conqiared  to  the  anqilhude  of  their  re^ective  distributions. 
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Tile  results  show  voy  good  periodicity  st  the  cascade  oilet  and  exit.  It  was 
determined  that  the  periodicity  was  acceptable  for  testmg. 


The  evaluation  of  crenulated  blade  pefiirmance  at  various  incidence  angles  was 
perfoimed  by  conqiaring  the  performance  of  a  cascade  with  crenulated  blades  to  that  of  a 
cascade  with  blades  that  were  not  croiulated  (straight  trailing  edge  blades)  at  four 
incidence  angles.  The  following  points  of  cooqiarison  were  made: 

1.  blade  surfiice  static  pressure  distribution 

2.  static  pressure  rise 

3.  total  pressure  loss 

4.  flow  deflection 


With  the  exception  of  blade  sur&ce  static  pressures,  measurements  for  each  blade 
configuration  were  takoi  at  the  five  measurement  planes  for  each  of  the  four  incidence 
angles.  The  blade  sur&ce  static  pressure  nmasurements  were  taken  through  the  static 
pressure  ports  on  the  coiter  blade  of  eadi  cascade  configuration  tested. 

Blade  Surface  Static  Pressure  Distribution.  The  blade  surface  static  pressure 
measurements  were  takoi  at  midspan  of  the  c&A&c  blade  at  file  locations  along  the  chord 
shown  in  Table  3.  The  resulting  pressure  distributions  are  shown  in  Figure  17.  The 
results  show  that  as  incidence  angle  was  increased  for  both  the  crenulated  blade  and  the 
straight  trailing  edge  blade,  the  blades  became  more  highly  loaded  near  the  leading  edge. 
This  is  evident  in  Figure  17  by  the  increaring  pressure  differoitial  between  the  pressure 
surface  and  the  suction  surface  at  x/c  <  0.20.  This  trend  was  acconqianied  by  a  less 
substantial  decreased  loading  of  the  blades  at  x/c  >  0.40.  The  net  effect  was  then  for  an 
increase  in  inddaice  angle  to  cause  the  loading  of  the  blades  to  increase  whidi 
corre^onds  to  an  increase  in  flow  turning  (flow  deflection). 
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The  results  also  indicate  that  the  crenulated  blades  were  loaded  less  than  the 
straight  trailing  edge  blades  at  ah  incidence  angles  tested.  The  greatest  difference  between 
the  blade  configurations  is  seen  at  the  hipest  incidence  angle.  This  trend  is  consistently 
seen  locally  in  the  results  for  all  incidence  angles  at  0.60  <  x/c  <  0.70.  This  local  trend  is 
most  likely  due  to  the  presoice  of  the  crenulation  at  niidq)an  which  allows  the  flow  on  the 
pressure  surfiice  to  merge  with  the  flow  on  the  suction  sut&ce  at  x/c  =  0.75  hence  forcing 
the  pressures  to  be  equal  at  that  point.  This  creates  an  effective  midspan  trailing  edge  at 
x/c  =  0.7S  which  is  then  feh  upstream. 

The  resuhs  fi’om  the  blade  surfiice  static  pressure  measurmnents  indicate  that  the 
crenulated  blades  were  loaded  less  than  the  straight  trailing  edge  blades  and  ther^ore 
should  cause  less  flow  deflection  than  should  the  strai^t  trailing  edge  blades  at  the  same 
incidence  angle.  This  is  consistent  with  the  measured  flow  deflection  resuhs  whidi  are 
presented  in  a  later  discussion.  The  loading  of  the  blades,  which  is  a  fimction  of  flow 
deflection,  is  also  quantified  in  the  flow  deflection  resuhs. 

Cascade  Static  Pressure  Rise.  The  static  pressure  rise  across  the  cascade  was 
measured  at  the  five  measurement  planes  for  each  blade  configuration  at  the  fi>ur  incidence 
angles.  The  resuhs  e?q)ressed  as  the  differoice  in  static  pressure  between  the  measurement 
plane  and  cascade  inlet,  divided  by  the  inlet  dynamic  pressure  are  shown  in  Figure  18.  The 
resuhs  show  that  for  all  incidence  angles  and  both  blade  configurations  that  the  majority  of 
difiiision  has  occurred  upstream  Ifrom  x/c  =  0.30,  more  so  for  the  crenulated  blades. 

Figures  18c  and  18d  show  for  both  blade  configurations  that  the  pressure  rise 
across  the  cascade  increased  with  increasing  inddoice  angle  iq)  to  +9.32  deg  and  then 
decreased  slightly  as  the  incidence  angle  was  increased  to  +12.44  deg.  This  trend  provides 
an  indication  that  the  blades  may  have  approached  a  stalled  condition  at  the  highest 
incidence  angle  similarly  to  how  an  isolated  airfoil  loses  M  as  angle  of  attack  is  increased 
beyond  some  maxinnim.  This  decrease  in  pressure  rise  at  the  highest  incidence  angle  was 
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found  to  be  less  severe  for  the  aenulated  blade  than  for  foe  straight  trailhig  edge  blade.  In 
foct,  foe  crenulated  blades  caused  a  greater  pressure  rise  than  did  foe  straight  trailing  edge 
blades  at  foe  two  measuremoit  planes  nearest  foe  blade  trailing  edge  for  foe  hipest 
inddoice  angle.  At  foe  other  incidence  angles  tested,  foe  results  show  that  foe  straight 
trailing  edge  blades  caused  more  pressure  rise  tb«i  did  foe  oenulated  blades.  This  is 
consistent  with  foe  kq>lication  made  in  foe  blade  surfoce  static  pressure  results  that  foe 
straight  trailing  edge  blades  cause  more  flow  deflection  than  do  foe  crenulated  blades  at 
foe  same  inddoice  angle  (foe  hipest  incidence  angle  being  excepted). 

Total  Pressure  Losses.  The  total  pressure  losses  across  foe  cascade  were 
measured  at  foe  five  measuremoit  planes  for  each  blade  configuration  at  foe  four  incidence 
angles.  The  results  are  eiqiressed  as  foe  mass  averaged  diSeroice  between  foe  total 
pressure  at  foe  cascade  inlet  and  foe  total  pressure  at  foe  cascade  exit  measurement  plane, 
divided  by  foe  inlet  dynamic  pressure.  Hie  results  are  shown  in  Kgure  19.  As  can  be  seen 
fiom  Figures  19a  and  19b,  foe  total  pressure  losses  increased  moderately  for  each  blade 
configurationfoicidoice  angle  combination  as  foe  measuremoit  plane  was  moved  fiirfoo 
downstream  firom  foe  blade  trailing  edge.  Ihis  troid  is  physical^  soisible  because  foe 
wake  region  is  known  to  be  a  region  \foere  viscous  losses  are  incurred  due  to  mixing.  It  is 
also  evident  from  Figures  19a  and  19b  fliat  foe  total  pressure  losses  inoeased  substantial^ 
for  each  blade  configuration/measuremoit  plane  combination  as  incidence  angle  was 
increased.  This  trend  is  more  easily  seen  in  Figures  19c  and  19d  and  is  explained  by  foe 
relative  loadings  of  foe  blades.  As  shown  in  foe  blade  static  pressure  resuhs,  foe  blades  at 
higher  incidence  angles  were  more  highly  loaded  than  foe  blades  at  lower  incidence  angles. 
A  higher  loading  causes  a  stronger  disturbance  on  foe  flow  i^ch  in  turn  causes  greater 
viscous  losses  through  foe  cascade. 

Examination  of  foe  differences  in  total  pressure  losses  between  foe  crenulated 
blades  and  foe  straight  trailing  edge  blades  at  the  same  incidence  angle  reveals  mixed 
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effects.  At  the  thiee  lowest  mcidence  angles,  it  can  be  seen  from  Rgure  19  duit  there 
were  negligible  differaaces  in  losses  between  the  two  blade  configuratkms.  However,  a 
dramatic  difference  in  losses  can  be  seen  at  the  highest  incidence  angle.  From  Figure  19  it 
can  be  seen  that  the  losses  incurred  by  the  crenulated  blades  wme  approximatdy  20 
percent  less  than  those  of  the  drai^  trailing  edge  blades  at  the  +12.44  deg  incidence 
angle.  This  notable  difference  pronq)ted  a  closer  look  at  the  distribution  of  the  total 
pressure  losses  within  the  measurement  plane. 

Because  the  difference  in  mass  averaged  losses  was  found  to  not  be  rdated  to  the 
particular  choice  of  measurement  plane,  the  loss  distributions  were  examined  only  at  the 
x/c  =  0.56  plane.  The  total  pressure  loss  distribution  for  each  blade  configuiatioo  at  eadi 
incidence  angle  is  shown  in  Figures  20  -  23  ^ere  the  center  blade  is  located  at  y  =  0. 
These  distributions  reveal  several  inq>oitant  a^ects  of  the  flow  downstream  of  the 
cascade.  The  loss  distributions  provide  an  approximate  iflustration  oi  Jie  size  and  location 
of  the  blade  wakes,  the  passage  vortices,  and  the  crenulation  induced  vortices.  This  is  true 
because  these  are  the  primary  total  pressure  loss  medianisms  in  the  cascade. 
Representations  of  blade  wakes  are  most  eaaly  seen  in  Rgures  20a  and  21a.  They  are 
characterized  by  the  nearfy  horizontal  parallel  isohnes  near  the  mid^an  of  the  blade. 
Interactions  of  the  blade  wakes  with  the  passage  vortices  also  can  be  seen  in  Figures  20a 
and  21a.  They  are  characterized  by  the  widening  repon  of  losses  as  the  distance  from 
mid^an  is  increased.  These  interactions  extend  outside  of  the  measurement  window  and 
are  only  partially  represented. 

Interactions  of  the  crenulation  induced  vortices  with  the  blade  wake  can  most 
easily  be  sear  by  con^aring  Figures  23a  and  23b.  Figure  23a  shows  a  wide  region  of  high 
losses  extending  across  the  qran  of  the  blade.  Figure  23b  shows  that  the  effect  of  the 
crenulation  induced  vortices  was  to  pinch  this  region  into  smaller  (in  nugnitude  and  size) 
loss  plateaus  and  to  reduce  the  losses  direct^  bdiind  the  croiulations.  This  effect  of  the 
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cramlatkm  induced  vortices  is  the  key  to  the  exphmntkHi  of  why  die  mnss  tveisged  total 
pressure  losses  in  Figure  19  were  lower  for  die  creaulated  blades  than  for  the  straight 
trailing  edge  blades  onfy  at  the  highest  inddace  angle.  Conqiaring  Rgures  20a  -  22a  to 
Figures  20b  -  22b  shows  that  although  the  crenuladons  reduced  the  losses  localfy,  the 
gross  area  of  losses  increased;  thus  the  net  effect  was  merety  a  redistribution  (not  a 
reduction)  of  losses.  This  was  not  the  case  at  the  hipest  incidence  angle  where  the  gross 
area  of  losses  and  the  nugnitudes  of  the  losses  were  reduced  by  the  crenulated  blades. 

Flow  Deflection.  The  flow  deflection  was  measured  at  the  five  measurement 
planes  for  each  blade  configuration  at  the  four  incidence  angles.  The  results  are  ejqiressed 
as  the  mass  averaged  flow  deflection.  Recall  flow  deflection  is  defined  as  the  difference 
between  the  air  outlet  angle  (a,)  and  the  air  inlet  angle  (a,).  The  resuhs  presented  in 
Figure  24  show  that  higher  incidence  angles  caused  hi^er  flow  deflections  for  eadi  blade 
configuration.  This  is  conastent  with  the  blade  static  pressure  distribution  results  where  it 
was  found  that  a  higher  blade  loading  resulted  from  higher  incidence  angles.  Figures  24a 
and  24b  show  that  the  flow  deflection  changed  a  negligible  amount  (very  near  the 
estimated  error)  as  the  measurement  plane  was  moved  fiuther  firom  the  blade  trailing  edge. 

Figures  24c  '-nd  24d  serve  to  show  the  dififeroices  in  flow  deflection  betweoi  the 
crenulated  blades  and  the  straight  trailing  edge  blades.  For  all  incidence  angles  tested,  the 
crenulated  blades  caused  less  flow  deflection  than  did  the  straight  trailing  edge  blades.  The 
flow  deflection  resuhs  for  each  blade  conf^uration  at  the  \/c  =  0.56  measuremoit  plane 
are  conqiared  in  Table  6.  A  conq)arison  of  the  flow  deflections  for  each  blade 
configuration  reveals  that  the  crenulated  blades  reduced  the  flow  deflection  by 
approximately  8  percent  at  the  lower  3  incidence  angles  and  by  10  percent  at  the  highest 
incidence  angle.  These  resuhs  corre^ond  to  a  1.9  deg  reduction  at  -1.08  deg  inddoice,  a 
2.4  deg  reduction  at  +4.49  deg  incidence,  a  2.6  deg  reduction  at  +9.32  deg  incidence,  and 
a  3.7  deg  reduction  at  +12.44  deg  incidence. 


Table  6.  Conyariscm  of  Flow  Deflections 


Straig 

btTE 

Crenulated  TE 

■m 

e(deg) 

a, (deg) 

-1.08 

25.43 

23.84 

1.59 

21.93 

3.50 

-8.0 

+4.49 

31.00 

27.95 

3.05 

25.60 

5.40 

-8.4 

+9.32 

35.83 

32.03 

3.80 

29.41 

6.42 

-8.2 

+12.44 

38.95 

35.53 

3.42 

31.82 

7.13 

-10.4 

The  detenninatioii  of  the  flow  deflection  for  each  cascade  configuration  permits 
quantification  of  the  blade  loading.  Ihis  can  be  done  by  introducing  the  dififiiskm  fiictor 
{DF).  Ihe  difiiision  fiictor  is  defined  in  terms  of  the  vdodty  gradient  on  the  suction 
sur&ce  of  the  blade  and  is  enqiirically  based  on  two-dimensional  cascade  data.  The  full 
derivation  of  the  difiiision  foctor  is  given  by  lidilein  et  aL  (1953).  Cohen  et  aL  ( 1987) 
present  an  approximate  eiqiression  for  the  DFm  an  axial  flow  compressor  blade  row  m 
terms  of  velocities.  This  approximation  can  be  reduced  to  the  following  expresskm  for  a 
cascade  in  terms  of  flow  angles: 


cosa 


1  +  “. 


s  cosa 


cosa. 


(tana,  -  tana,) 


(25) 


Using  the  appropriate  values  from  Tables  4  and  6,  the  difiiision  fiictor  for  each  cascade 
configuration  in  this  study  is  conqiared  in  Table  7. 
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I 


■m 

J 

DF 

■'  -  1 

Straight  TE 

Crenulated  TE 

HSS9H 

-1.08 

0.233 

0.221 

+4.49 

0.300 

0.28S 

■■Rl 

+9.32 

0.367 

0.351 

+12.44 

0.417 

0.396 

The  diflSiston  fiictor  compaiisoii  in  Table  7  indicates  that  the  crenulations  were  observed 
to  reduce  the  blade  loading  by  4  to  S  percent  throu^out  the  range  of  incidence  angles 
tested.  According  to  Cohoi  et  aL  (1987),  losses  in  stator  blades  are  largdy  unaffected  by 
increases  in  DFup  to  about  0.6  ^^4iile  losses  at  the  rotor  t^  of  an  axial  flow  compressor 
increase  rapidly  at  values  of  DF  above  0.4.  The  loss  results  firom  this  study  (Figure  19c) 
however  show  that  the  losses  for  the  straight  trailing  edge  blade  doubled  as  the  value  of 
DF  was  increased  £*001 0.367  to  0.417.  Iliis  q)parent  discrq>ancy  is  most  likely  due  to 
the  strong  three-dhumsional  flow  in  the  cascade.  The  results  show  that  the  presence  of 
three-dimoisional  flow  in  the  cascade  serves  to  premature^  increase  flow  losses  as 
incidence  angle  is  increased.  However,  the  emulations  appear  to  redistribute  the  three- 
dimensional  flow  and  thereby  reduce  the  losses  as  shown  in  Figures  19c  and  19d,  and 
Figures  23a  and  23b  at  the  highest  incidoice  angle. 

Ahhou^  the  flow  deflection  differences  betwea  the  blade  configurations  appear 
to  be  relative^  small  at  the  +12.44  deg  inddmce  angle,  they  become  substantial  vdien 
examined  on  a  scale  of  the  same  order  as  the  observed  diffemces.  The  deviation  angle 
provides  such  a  scale.  Recall  that  the  deviation  angle  is  the  difference  betweoi  the  air 
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oittlet  (cx^  and  dw  Made  outlet  ngjb  (a ,  *  >4.00  6cg  m  this  atodyX  The  deviatiou 

aai^fa  the  CTeamteed  Wades  aud  Ac  Mra^itiaflhig  edge  Madea  are  compared  k 
TaWeS. 


TaWeh.  CompariaouofDeviatiottAaries 


_ _ 

Difference  I 

Straight  TE 

Crenulated  TE 

A&/S.  {%)  1 

-1.08 

5.59 

7.50 

34.2 1 

+4.49 

7.05 

9.40 

33.3 1 

+9.32 

7.80 

10.42 

33.61 

+12.44 

7.42 

11.13 

When  exanmed  on  this  scale,  it  is  seea  that  ^cremilated  Wades  caused  a 
deviatkm  angle  33  to  34  percent  greater  than  did  die  stiai^  Wades  from  •  1.08  to  +9.32 
deg  incideace  Pereas  the  diflferenoe  between  die  Wade  configurations  inaeased  to  SO 
percent  at +12.44  d^  of  incideace.  Closer  exammadoa  of  TaWe  8  reveals  dut  the 
deviation  angle  deceased  fin  the  straight  tiaiSng  edge  Wade  as  the  incidence  angle  was 
increased  fiom +9.32  d^  to +12.44  d^  This  result  was  mei^ected  since  typical!^ 
deviation  angle  increases  as  mcidcace  angle  hmeases.  These  results  hnpfy  that  a 
phenomenal  diange  has  occurred  in  the  flow  about  die  straight  trailing  edge  Wa&  as  ^ 
inddence  angle  was  increased  beyond +9.32  d^  This  change  did  n<n  occur  fin  die 
crenulated  blade. 

The  deviation  angle  results  combined  with  the  static  pressure  rise  results  and  total 
pressure  loss  rmuhs  indicate  that  the  phenomenal  change  in  the  flow  abmit  the  straight 
trailing  edge  blade  at  the  W^est  inddence  angle  has  caused  the  deviation  angle  ai^  die 
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static  pieswre  rise  to  decease.  Hie  onset  oftlus  flow  [^eamnenon  is  suspected  to  be  the 
result  of  the  high  blade  loading  combined  widi  die  strong  three^imensional  flow  about  the 
blade.  It  is  suspected  that  a  sqiaration  Inibble  has  fimned  on  the  suction  suifiice  of  the 
straight  trailing  edge  blade  whoe  the  boundary  laym  has  reattached  downstream  of  the 
bubble  as  fillip  turbulent. 

A  turbulent  boundary  layo'  has  a  stronger  resistance  to  sqiaration  cm  a  convex 
surftce  than  does  a  laminar  boundary  layer  which  implies  that  the  reduced  deviation  angle 
of  the  strain  trailing  edge  blade  could  be  the  result  of  boundary  layer  transition.  A 
turbulent  boundary  layer  is  also  characterized  by  hi^er  losses  than  a  laminar  boundary 
layer  wfaidi  implies  that  the  dramatic  inaease  in  total  pressure  loss  of  the  straight  trailing 
edge  blade  could  also  be  the  result  of  boundary  layer  transition.  Although  the  anafytic 
prediction  of  transition  is  extremdy  complex,  it  is  known  to  be  Reynolds  number 
dependent.  It  would  not  be  unusual  for  turbulent  transition  to  occur  at  blade  chord 
Reynolds  numbers  on  the  order  of  5  (10)^,  particulariy  under  the  influence  of  an  adverse 
pressure  gradient,  hi  this  study  the  blade  diord  Reynolds  nunibers  woe  qiproximatdy 
4. 1  (10)^  and  the  static  pressure  ratios  of  the  blade  suction  sur&ce  and  pressure  sur&ce 
were  estimated  from  the  blade  static  pressure  results.  From  Equation  (3),  Rgure  17,  and 
knoi^dedge  of  the  inlet  dynamic  pressure  and  inlet  static  pressure,  the  pressure  ratio  across 
eadi  blade  surfiice  was  calculated  for  each  blade  crmfiguratimi  and  incidence  angle  and  is 
shown  in  Table  9.  The  blade  surfiice  pressure  ratio  is  defined  fi>r  the  suction  surfiice  as 

DD  _  /i(x/c  =  0.695) 

^"/Kx/c  =  0.045) 

Mhere;i(x  /  c)  is  the  blade  surfiice  static  pressure  at  the  given  blade  chord  location.  Ihe 
blade  surfiice  pressure  ratio  fisr  the  pressure  surfiice  is  likewise  defined  as 
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_/Kx/ca0.670) 
^“/Kx/c  =  0.070) 


PI 

_ ^ _ 1 

/(deg) 

Strait  TE 

Crenulated  TE 

Strait  TE 

Crenulated  TE 

-1.08 

1.067 

1.062 

0.989 

0.982 

+4.49 

1.123 

1.109 

0.977 

0.970 

+9.32 

1.156 

1.156 

0.966 

0.958 

+12.44 

1.147 

1.162 

0.959 

0.951 

Hiese  results,  derived  from  the  blade  static  pressure  results,  form  the  only  results  that 
were  takeo  from  measurements  within  the  blade  surfoce  boundary  layers.  It  is  dear  that 
some  physical  phenomenmi  occurred  wdiidi  eflfectivefy  relieved  (although  not  entird^)  the 
adverse  pressure  gradient  on  the  suctkm  surfoce  of  the  strai^  trailing  edge  blade  at  foe 
+12.44  deg  inddoice  angle.  This  phenomenal  did  not  occur  on  foe  creaulated  blade. 

This  lends  plausibility  to  foe  argument  that  foe  strai^  trailing  edge  blade  suction  surfoce 
boundary  layer  has  transitioned  to  turbulent  via  a  sqiaratkm  bubble  at  foe  +12.44  d^ 
incidence.  Hie  observed  flow  phenomena  is  consistent  with  current  technical  kno^edge 
as  givoi  by  Fottner  (1989).  In  foe  words  of  Fottner  (1989),  foe  sqiaration  bubble  is  more 
precise^  termed  a  "long  sqiaration  bubble”  due  to  foe  reduced  pressure  gradient  on  foe 
blade  suction  surfoce.  A  sdiematic  of  foe  transition  phenomena  which  is  suspected  to 
have  occurred  on  foe  straight  trailing  edge  blade  suction  surfoce  is  shown  in  Figure 
However,  this  boundary  layer  transition  hypothecs  is  based  on  indirect  indicators  of 
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tuilNileace  is  therefiire  sqtpkoieBted  by  direct  meaairemeats  of  the  cssca^  outlet 
tuibukuce  intaisity.  These  results  are  discussed  below. 

Evriuttiffp  of  Cwmilftcd  Phdc  Wilw  Mixing  ChinttwigtiCT 

like  the  evahiatkm  of  crenulated  blade  peffimnance,  the  evahiatkn  of  creaulated 
blade  wake  mbdiig  diaracteristics  for  various  mcadeuce  angles  was  performed  by 
conqiaring  the  diaracteristics  of  a  cascade  with  careoulated  Uades  to  those  of  a  cascade 
with  strai^t  trailing  edge  blades  at  finir  inctdeace  angles.  Ihe  fo&rwmg  pomts  of 
conq>arison  were  made: 

1.  outlet  turbulence  intenaty 

2.  wake  velocity  deficit 

3.  outlet  velocity  variance 

Outlet  Turbulence  Intenaitv.  The  outlet  turbulence  measurements  were  taken  at 
the  five  measurement  planes  fiir  each  blade  configuration  at  the  finir  incidence  angles.  The 
results  are  expressed  as  the  mass  averaged  outlet  turbulence  intensity. 

The  mass  averaged  turbulence  intaisity  results  are  presented  in  Figure  26  and 
show  that  turbttloice  intensity  was  found  to  increase  with  a  corre^onding  increase  in 
incidoice  angle  for  each  blade  configuration.  Figures  26a  and  26b  diow  that  as  the  blade 
wake  developed  downstream  of  the  cascade,  uirbulence  intensity  increased  moderately  to 
a  imxiitnim  and  then  decreased  for  the  highest  two  incidence  angles.  Turbuloice  intensity 
for  the  lowest  two  inddoice  angles  increased  only  slightly  and  did  not  decrease  with 
increasing  distance  from  the  cascade.  This  is  explained  by  the  higher  amount  of  energy 
required  by  the  higher  turbulence  intensities  to  be  sustained.  If  the  measuremoits  takoi 
were  fiir  enough  removed  from  the  cascade  exit  plane,  it  is  expected  that  the  turbuloice 
intensities  for  all  incidence  angles  would  reach  a  common  fireestream  value  mudi  nearer  to 
the  lowest  turbuloice  intoisity  shown  in  Figure  26  than  to  the  highest  intaisity. 
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A  dramatic  iiiCTease  (from  2.3  percoit  to  8  pacent)  in  tuiinilence  mtaiaty  was 
found  to  occur  as  the  incidence  angle  was  increased  from  +9.32  deg  to  +12.44  fr>r  the 
straight  trailing  edge  blade.  This  is  diown  in  Figure  26c.  However,  mify  a  moderate 
increase  (from  2.5  percent  to  3.5  percoit)  in  turbulence  intoisity  was  observed  fin*  the 
same  increase  in  incidence  angle  with  the  crenulated  blade  as  diown  in  Figure  26d.  Widi 
this  exception,  the  tuibuloice  intensity  observed  for  the  crenulated  blade  was  compar^k 
in  magnitude  to  that  of  the  straight  trailing  edge  blade  when  viewed  at  the  Mme  incidence. 
To  fiirther  examine  the  nature  of  the  differace  betwea  the  blade  configurations  at  the 
higher  incidence  angles,  the  tuibuloice  intoisity  distributions  at  the  x/c  =  0.05 
measurement  plane  were  conqiared.  This  measurement  plane  was  diosen  to  be  as  close  to 
the  blade  trailing  edge  as  possible  with  the  hope  of  gaining  insist  into  the  flow  structure 
on  the  blade  surfrices. 

The  turbuloice  intoisity  distribution  for  eadi  blade  configuration  at  +9.32  deg 
incidence  is  shown  in  Figure  27  inhere  the  center  blade  is  located  at  y  =  0.  The  +9.32  deg 
incidence  angle  distributions  serve  to  show  that  ahhou^  a  minor  reduction  in  peak 
turbulence  was  caused  by  the  crenulated  blades  at  mid^an  and  near  the  z  =  -1.9  cm  span 
location,  the  distributions  are  very  shnilar  in  shape  and  magnitude.  This  is  contrasted  with 
the  very  different  turbulence  distributions  betweoi  the  blade  configurations  at  the  +12.44 
deg  incidence  angle.  These  distributions  are  shown  in  Figure  28  vbere  the  center  blade  is 
located  at  y  =  0.  The  turbulence  distribution  for  the  straight  trailing  edge  blade  (Figure 
28a)  dominates  that  portion  of  the  measurement  window  i^ch  lies  on  the  suction  side  of 
the  blade  trailing  edge  (below  y  =  0).  This  region  is  characterized  by  wide^read  unsteady 
velocity  fluctuations  that  have  magnitudes  ranging  from  24  to  32  percent  of  the  mean  flow 
velocity.  Conqiaring  this  distribution  to  the  crenulated  blade  turbuloice  intensity 
distribution  in  Figure  28b  reveals  that  the  crenulated  blade  inhibited  the  generation  of 
turbuloice  in  terms  of  magnitude,  and  ^atially  as  well 
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Hie  tuiinilence  intenaty  distrilNitkm  fin  the  stnught  tniilmg  edge  blade  also  diows 
that  mudi  of  the  identity  of  the  passage  voitices  has  been  smeared  at  the  +12.44  d^ 
inddence.  This  smeaiing  is  also  evident  to  a  lesser  extent  in  the  corre^miding  total 
pressure  loss  distribution  (Figure  23a).  This  points  to  a  possible  cause  for  the  sudden  rise 
in  turbuloice  intensity.  Ihe  increase  m  turbulence  mtensity  may  have  beoi  caused  by  the 
same  phenomenon  observed  by  Tang  et  aL  (1991).  They  observed  at  +1 1.5  d^  inddace, 
that  a  high  blade  loading  near  the  leading  edge  caused  strong  interactions  between  the 
comer  vortex  and  the  horseshoe  vortex  which  led  to  vortex  breakdown  and  resuhed  in 
high  losses.  It  was  found  in  the  present  study  however  that  in  contrast  to  the  strai^t 
trailing  edge  blades,  the  crenulated  blades  may  have  precluded  vortex  breakdown  as  its 
identity  is  still  well-defined  in  the  turbulence  intensity  distribution.  This  in  turn  led  to  a 
mitigation  of  the  losses  at  the  highest  incidence  angle. 

Wake  Velocity  Deficit.  The  wake  velocity  deficit  measurements  were  taka  at  the 
five  measuremat  planes  for  ach  blade  configuration  at  the  four  inddace  agles.  The 
fireestream  velocity  in  Equation  (8)  was  taka  to  be  the  arithmetic  mem  of  the  velocities 
that  were  in  the  7Sth  percatfle  of  all  velocity  masuremats  taka  The  results  are 
e?q)ressed  as  the  wake  velocity  deficit  md  are  shown  in  Figure  29.  Rgures  29a  md  29b 
show  at  the  highest  inddace  mgle  that  the  wake  vdodty  deficit  initially  incrased  to  a 
maxinium  md  tha  decrased  as  the  wake  developed  downstream  of  the  cascade.  This 
decrease  is  particularly  noticable  with  the  straight  trailing  edge  blade.  At  the  lower  three 
inddace  mgles,  the  trad  was  a  very  gradual  incrase  in  wake  velocity  deficit.  The 
dififerace  in  trads  is  due  to  the  relative  rruignrtudes  of  the  wake  velocity  deficit.  A  wake 
with  a  higher  velodty  deficit  mixes  more  vigoroudy  with  the  fi’astream  causing  a  higher 
rate  of  mass  atrainmat  into  the  wake  \diich  serves  to  diss^ate  the  wake  more  rapidly. 
Although  a  high  wake  velocity  deficit  indicates  a  high  rate  of  mixing,  it  also  indicates  that 
less  mixing  has  occurred  upstream  of  the  location  at  which  it  was  evaluated.  If  the 
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measuTement  plane  were  &r  oiough  removed  from  the  cascade  exit,  the  wake  vdodty 
deficit  for  each  blade  configuration  at  all  incidence  angles  would  approach  zero  as  the 
wake  velocity  recovered  to  the  fimstream  velocity.  It  can  also  be  sen  in  Figures  29a  and 
29b  for  all  incidence  angles  and  measuremott  planes  that  the  crenulated  blades  had  a  lower 
wake  velocity  deficit  than  the  straight  trailing  edge  blades.  This  demonstrates  the 
enhanced  wake  mixing  effect  (Le.,  more  mixing  has  occurred)  of  the  crenulated  blades 
relative  to  the  straight  trailing  edge  blades. 

The  wake  velocity  deficit  results  show  that  the  degree  of  wake  mixing 
enhancemoit  is  depadent  on  the  magnitude  of  the  wake  velocity  deficit.  The  magnitude 
of  the  wake  velocity  deficit  is  in  turn  dq>endent  on  the  incidence  angle.  A  conopaiison  of 
Figures  29c  and  29d  provides  an  indication  of  the  degree  of  oihancement  that  was 
observed  at  the  various  incidence  angles.  It  can  be  seen  from  these  figures  that  the  degree 
of  wake  mixing  enhancement  increased  substantially  with  incidence  angle.  The  degree  of 
wake  mixing  erhancement  of  the  crenulated  blades  based  on  'he  wake  velocity  deficit 
resuhs  at  the  x/c  =  0.56  measuremoit  plane  is  quantified  in  Table  10. 


Table 


i  (deg) 

Wake  Veloch 

y  Deficit  (%) 

Enhancement  (%) 

Straight  TE 

Crenulated  TE 

-(AfVfT>/WVDJ 

-1.08 

2.27 

2.05 

9.7 

+4.49 

3.46 

3.02 

12.7 

+9.32 

5.63 

4.49 

20.2 

+12.44 

10.48 

6.25 

40.4 
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The  conqtariscm  made  in  Table  10  shows  that  although  enhanced  wake  mixing  was  most 
substantial  at  the  higher  incidence  angles,  the  degree  of  enhancement  at  the  lower 
incidence  angles  was  also  significant. 

As  stated  eariier,  the  wake  velocity  defidt  determination  rdied  on  an  q)proximated 
value  of  the  fteestream  velocity.  The  validity  of  this  approximation  is  demonstrated  by  the 
total  pressure  loss  distributions  (Figures  20  -  23).  The  fi-eestream  velocity  can  be  taken  to 
be  that  velocity  \^ch  is  present  at  the  locations  in  the  measurement  plane  which  have 
nearly  zero  total  pressure  losses.  The  fi«estream  velocity  was  approximated  by  calculating 
the  arithmetic  mean  of  the  velocities  lie  in  the  7Sth  percentile  of  all  velocities  in  the 

measurement  plane.  It  follows  then  that  the  approximation  is  accurate  only  if  at  least  25 
percent  of  the  measuremoit  plane  has  total  pressure  losses  of  neariy  zero.  Infection  of 
Figures  20  -  23  reveals  that  only  the  straight  trailing  edge  blade  at  +12.44  deg  incidence 
(Figure  23a)  challenges  the  validity  of  the  fi’eestream  vdocity  approximation.  This  is 
revealed  by  appro?dmating  the  fraction  of  the  measurement  plane  area  that  has  nc'  Hy  zero 
losses.  This  area  is  seen  m  Figure  23a  to  be  that  which  lies  above  y  =  0.34  cm  and  is  equal 
to  34,200  cn^.  The  total  area  of  the  measurement  plane  is  seoi  to  be  129,200  cnF.  This 
corre^onds  to  34,200/129,200  s  26  percent  of  the  measurements  were  taken  in  the 
freestreanL  The  approximation  is  thus  shown  to  be  valid  at  the  x/c  <  0.S6  measurement 
planes.  However,  as  a  wake  develops  its  width  increases  \diich  fiirther  challoiges  the 
validity  of  the  approximation.  Therefore,  the  approximated  value  of  the  fi’eestream 
velocity  may  be  slightly  less  than  the  actual  freestream  velocity  fiirther  downstream.  The 
wake  velocity  deficit  resuhs  will  be  supported  by  the  determination  of  the  outlet  velocity 
variance  idiich  also  quantifies  the  strength  of  the  wake.  A  benefit  of  the  outlet  velocity 
variance  conqiared  to  the  wake  velocity  deficit  is  that  the  outlet  velocity  variance  does  not 
rely  on  an  approximation  of  the  freestream  velocity.  It  will  also  be  shown  that  the  outlet 
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velocity  variance  is  more  sensitive  to  the  wake  mixing  process  than  is  the  wake  vdocity 
deficit. 

Outlet  Velocitv  Variance.  The  outlet  velocity  variance  measurements  were  taken 
at  the  five  measurement  planes  for  eadb  blade  configuration  at  the  four  inddoice  angles. 
The  resuhs  are  e7q)ressed  as  the  mass  weighted  outlet  velocity  variance  and  are  shown  in 
Figure  30.  The  resuhs  show  for  each  measuremoit  planerinddence  angle  cond)inati(Mi  that 
the  outlet  velocity  variance  for  the  croiulated  blades  was  less  than  that  for  the  strai^t 
trailing  edge  blades.  Ihis  resuh  is  consistoit  with  the  wake  velocity  d^bit  resuhs.  Ihat 
is,  the  outlet  velocity  variance  resuhs  also  indicate  that  in  general,  the  crenulated  blades 
enhanced  the  wake  mixing  process  with  reject  to  the  straight  trailing  edge  blades.  Also 
consistent  with  the  wake  velocity  defich  resuhs  is  that  the  outlet  velocity  variance  resuhs 
indicate  that  stronger  wakes  were  observed  at  higher  incidoice  angles  for  each 
measurement  plane.  This  troid  can  be  seen  in  Figures  30c  and  30d. 

Although  the  outlet  velocity  variance  resuhs  show  conastency  with  the  wake 
velocity  defich  resuhs,  hs  senshhdty  to  measuremoit  plane  location  is  conoparable  to  hs 
soiativity  to  incidence  angle  as  shown  by  a  con^arison  of  Figures  30a  and  30b  with 
Figures  30c  and  30d.  In  contrast,  the  wake  velodty  defich  was  found  to  be  relatively 
insensitive  to  measurement  plane  location.  The  degree  of  wake  mixing  enhancement 
based  on  the  outlet  velocity  variance  at  the  x/c  =  0.05, 0.56,  and  1.37  measurement  planes 
is  shown  in  Table  1 1.  Because  the  outlet  velocity  variance  is  sensitive  to  measuremoit 
plane  location,  three  measurement  planes  were  chosen.  Con^aring  the  outlet  velocity 
variance  based  resuhs  at  the  x/c  =  0.56  location  whh  the  wake  velocity  defich  based 
resuhs  in  Table  10  reveals  consistency  between  the  resuhs.  That  is,  both  resuhs  show  that 
the  degree  of  wake  mixing  enhancement  due  to  the  crenulated  blades  increased  whh 
incidence  angle. 
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Table  1 1.  Degree ofW^^^^^^cemept Bas^wAeOtrttetV^^y Variance 


/ (deg) 

Enhancmnent  (%) 

Straight  TE 

Crenulated  TE 

-(Ao^/o^i«) 

x/c  =  0.05  1 

-1.08 

0.71 

0.38 

46.5 

+4.49 

1.28 

0.69 

38.3 

+9.32 

2.63 

1.32 

46.4 

+12.44 

4.67 

2.39 

45.4 

x/c  =  0.56  II 

-1.08 

0.38 

0.28 

26.3 

+4.49 

0.69 

0.46 

33.3 

+9.32 

1.32 

0.75 

43.2 

+12.44 

2.39 

1.09 

54.4 

II _ x/c  =1.37 _ II 

-1.08 

0.30 

0.23 

23.3 

+4.49 

0.43 

0.34 

20.9 

+9.32 

0.67 

0.53 

20.9 

+12.44 

0.95 

0.63 

33.7 

The  cause  of  the  difference  between  the  outlet  velocity  variance  and  the  wake 
velocity  deficit  in  sensitivity  to  measurement  plane  location  can  be  made  evidoit  by 
con:q)aring  Equation  (8)  with  Equation  (14).  Both  equations  contain  similar  forms  of 
e7q)ressing  the  velocity  defect  (i.e.,  1  minus  a  ratio  of  velocities).  Equation  (8)  contains  a 
mass  averaged  velocity  term  A\iiereas  Equation  ( 14)  contains  a  mass  averaged  velocity 
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squared  term.  Because  a  wake  is  known  to  entrain  mass  as  it  develops,  the  wake  r^hm  is 
weighted  more  heavify  as  the  wake  develops  downstream  of  the  cascade.  However,  the 
amount  of  velocity  defect  deo'eases  as  the  wake  develops  downstream  of  the  cascade. 
With  small  changes  in  doisity,  the  amount  of  weighting  in  the  mass  averaging  schone 
(Equation  (7))  is  proportional  to  velocity.  As  the  wake  develops  downstream,  the  velocity 
in  the  wake  region  increases  causing  the  velocity  drfect  to  decrease  in  proportion  to 
velocity,  and  at  the  same  time  the  mass  weighting  is  increased  in  propoition  to  velocity 
causing  neariy  offsetting  changes  in  the  value  of  the  wake  velocity  deficit.  In  cmitrast,  the 
outlet  velocity  variance  decreases  in  proportion  to  the  square  of  the  velocity  defect  ^^hile 
the  mass  weighting  causes  an  increase  proportional  to  velocity.  The  net  effect  is  a 
decrease  in  mass  weighted  outlet  velocity  variance  proportional  to  the  velocity  defect  as 
the  wake  develops  downstream  of  the  cascade. 

Both  the  mass  weighted  outlet  velocity  variance  and  the  wake  velocity  deficit 
provide  acceptable  indications  of  the  wake  strragth  relative  to  the  bulk  flow  bdiind  a 
blade.  However  as  e^qilained  above,  the  mass  averaged  outlet  velocity  variance  has  a 
stronger  dependence  on  the  velocity  defect  of  the  wake  than  does  the  wake  velocity 
deficit.  Although  the  wake  velocity  deficit  also  depoids  on  the  velocity  defect,  its 
dependence  is  largely  ofi&et  by  the  growth  of  the  wake  width  or  mass  entrainmmt.  A 
larger  velocity  defect  inqrlies  stronger  pitchwise  velocity  gradients.  Because  h  is  these 
pitchwise  velocity  gradioits  >^ch  make  blade  wakes  undesirable,  the  outlet  velocity 
variance  is  the  most  useful  parameter  with  >^ch  to  quantify  the  degree  of  wake  mixing 
enhancement. 

The  degree  of  wake  mbdng  enhancement  results  as  shown  in  Table  1 1  indicate  that 
the  crenulated  blades  demonstrated  approxinrately  38  to  47  percent  more  wake  mixing 
very  near  the  blades  with  little  change  with  reject  to  incidence  angle.  As  the  wakes 
developed  to  x/c  =  0.56,  the  crenulated  blades  demonstrated  approximately  26  to  54 
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percent  more  wake  mbdng,  the  lowest  vahie  bemg  at  die  lowest  htcide&ce  angle  and  the 
highest  value  at  the  highest  incidence  angle.  Further  removed  from  the  cascade  exh,  the 
crenulated  blades  demonstrated  approximately  21  to  34  pacent  more  mixoig  with  the 
highest  value  at  the  highest  inddoice  angle  and  the  lowest  value  at  the  other  three 
inddaice  angles.  These  resuhs  indicate  with  one  excqition  that  the  degree  of  mixing 
enhancement  offered  by  croiulated  blades  decreases  with  increasing  distance  from  the 
cascade  exit  and  increases  with  increasing  inddence  angle.  The  exception  bdng  that  at  the 
highest  inddaice  angle  the  degree  of  mixiag  enhancement  increased  from  x/c  =  0.05  to 
x/c  =  0.56  and  then  decreased  from  x/c  =  0.56  to  x/c  =  1.37.  However,  at  all  incidence 
angles  and  measurement  planes  investigated,  the  crenulated  blades  were  observed  to 
enhance  the  wake  mixing  process. 

GenerflKzed  Blade  Performance 

Cascade  performance  data  is  typical^  presented  in  summary  form  ^hidi  indicates 
nondimensioiial  flow  deflection  and  losses  as  a  function  of  nondimensional  inddence 
angle.  Perhaps  the  most  widefy  used  generalized  performance  curves  for  two-dimensioiial 
cascade  flow  are  known  as  Howell's  Generalized  Performance  Curves  as  rqninted  by 
Dixon  ( 1978).  The  flow  deflection  results  and  the  inddaice  angles  of  this  study  can  be 
expressed  in  nondimensionai  form  by  introducing  a  nominal  flow  deflection  (e*)  and  a 
nominal  inddence  angle  (/*).  The  calculation  of  these  nominal  values  can  be  found  in 
Appendix  A.  Using  these  nominal  values,  the  relative  inddaice  and  relative  deflection  are 
defined  as 
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Rdative  faicidence 
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Rektive  Flow  Deflection  ■  -r 

s 

^ere  i*  =:  12.24  deg 
f  =  36.89  deg 

Die  nominal  flow  deflectiim,  as  qipfied  to  two-dimenaonal  flow,  lepiesents  an  analytical 
prediction  corre^onding  to  80  percent  of  the  maximum  deflectkm  posaflile  before  staD 
occurs.  As  discussed  in  the  static  pressure  rise  results,  stall  was  suspected  to  be 
approadied  at  a  flow  deflection  very  near  the  nominal  flow  deflection.  Diis  observation 
shows  that  the  correlation  between  the  nominal  flow  deflection  and  the  stalled  flow 
condition  for  two-dimensicmal  flow  is  not  vafid  for  three-dimensional  flow.  However,  the 
nominal  flow  deflection  and  its  corre^onding  incidence  angle  adequate^  save  as  oqilkat 
reference  values  for  the  purpose  of  nondimenaonalizing  ^he  performance  results  of  fliis 
three-dimoiaonai  flow  study.  Die  off-design  performance  results  of  this  study,  derived 
from  the  flow  deflection  results  and  the  total  pressure  loss  results  are  presented  summai% 
in  Figure  31  for  eadi  measurement  plane.  Exduding  the  wake  mixing  benefits  of  the 
crenulated  blades,  the  off  design  perfrirmance  curves  show  at  a  glance  the  inqiact  on 
performance  of  introducing  crenulations  to  the  blade  trailing  edge.  It  is  shown  that 
crenulations  were  found  to  mitigate  the  losses  at  high  incidence  angles  and  may  have 
delayed  the  onset  of  stall  Die  cost  of  croiulations  however  was  found  to  be  reduced  flow 
deflection  at  all  inddoice  angles  tested. 


At  an  mcideace  angles  tested,  creaulated  Uades  were  found  to  significantly 
enhance  the  wake  nnxing  process  compared  to  foat  of  atraigfit  trailing  edge  blades.  The 
effect  of  the  enhanconent  is  to  reduce  non-axial  gradients  in  the  flow  downstream  fitmi 
the  blades.  With  respect  to  axial  flow  compressors,  this  effect  is  desirable  if  a  spedfied 
amount  of  unifimmty  is  required  by  a  subsequent  engine  component  or  stage.  The  d^;ree 
of  wake  mixing  enhancement  ranged  from  21  percent  to  54  percent.  The  value  of  21 
percent  was  fimnd  at  the  furthest  downstream  location  (x/c  =  1.37)  fiom  the  blade  trailing 
edge.  This  value  would  be  the  more  rq>re8entative  value  related  to  the  improvonent  of 
combustor  inlet  flow  uniformity.  The  higher  values  of  wake  mixing  enhancement  were 
found  at  locatkMis  much  nearer  the  blade  trailing  edge.  This  introduces  the  proq>ect  that 
crenulations  may  be  usefiil  relative  to  interstage  effects. 

The  wake  mixing  enhancement  was  flaund  to  be  the  resuh  of  a  trado*off  The 
desirable  wake  mixing  duracteiistics  were  achieved  at  the  cost  of  flow  deflectimi.  The 
^fect  of  using  crenulated  blades  was  to  reduce  the  flow  d^ection  by  1.9  deg  at  -1.08  d^ 
incidence,  by  2.4  deg  at  +4.49  deg  inddence,  by  2.6  deg  at  +9.32  deg  inddence,  and  by 
3.7  deg  at  +12.44  deg  inddence.  Consistent  with  the  flow  deflection  trade-of^  static 
pressure  rise  was  also  sacrificed  except  at  the  highest  inddence  angle  (+12.44  deg).  This 
»ccq)tion  will  be  addressed  sqaaratefy. 

Although  the  wake  mixing  enhancemoit  sacrificed  deflection,  it  did  not  sacrifice 
pressure  losses.  At  the  inddence  angles  fi’om  -1.08  deg  to  +9.32  deg,  the  crenulated 
blades  had  virtually  no  iiiq>act  on  total  pressure  losses.  However,  to  regain  the  flow 
deflection  lost  by  the  crenulated  blades,  the  emulated  blades  would  be  required  to 
operate  at  a  hi^er  inddence  than  the  straight  trailing  edge  blades.  Increasing  the 
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incide&ce  ingle  would  result  in  i  corresptnding  ma«ase  in  total  prrasure  losses. 

Therefore,  crenulated  blades  ^^hich  turn  the  flow  as  naich  as  straight  traifing  edge  blades 
would  have  highst  total  pressure  losses  than  the  strai^t  trailing  edge  Uades  excqit 
possibfy  at  inddeace  angles  greater  than  +12.44  deg.  At  the  +12.44  deg  incidence  angle, 
the  crenulated  blades  were  obsoved  to  re<hu^  total  pressure  losses  by  20  percent  of  the 
losses  for  the  straight  trailing  edge  blades. 

Throu^out  this  study,  the  +12.44  d^  inddence  an^  proved  to  be  an  exception 
concerning  the  inqiacts  of  the  crenulated  blades  (m  the  flow  throu^  the  cascade.  The 
results,  in  sum,  appear  to  indicate  that  at  this  incidence  angle  the  strait  trailing  edge 
blades  approached  a  stalled  flow  condition  with  a  reattached  fiilly  tuibulent  boundary  layer 
near  thdr  trailing  edges.  This  highly  undesirable  flow  condition  was  characterized  by 
exceptionally  high  losses  and  turbulence,  with  reduced  pressure  rise  and  deviatimi  angle. 
However,  the  crenulated  blades  showed  no  signs  of  large  scale  flow  degradatimi  at  this 
incidence  angle;  instead  they  enhanced  the  wake  mixing  by  45  percent,  reduced  the  outlet 
turbulence  intensity  by  a  fiictor  of  2,  and  reduced  total  pressure  losses  by  20  percent.  At 
the  mayinnim  incidence  angle  tested,  the  performance  of  the  crenulated  blades  (neglecting 
their  superior  wake  mixing  characteristics)  surpassed  that  of  the  straight  trailing  edge 
blades.  It  appears  that  crenulated  blades  may  be  aerodynamical^  robust  in  that  thQ' 
inhibit  the  onset  of  stall  on  highly  loaded  conq)ressor  blades  with  strong  three-dimoisional 
flow. 

Recommendations 

This  study  made  limited  measurements  in  the  blade  sur&ce  boundary  layers  and  no 
measurements  between  the  blades,  outade  of  the  boundary  layers.  A  study  made 
extensive  measurements  in  these  areas  of  the  flow  would  provide  valuable  insight  into 
crenulation  inpact  on  vortex  structure  and  breakdown,  and  boundary  layer  developmemt 
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andtraukkn.  AauBdentndiogi^tiMaeiriifiafnMBa would lid^koptiinuaigcraHilated 
blade  qipKcatioas. 

In  this  study,  stall  q^ears  to  have  been  q>proached  at  +12.44  d^  incidence  fiir 
the  stiai^  trailing  edge  blades.  A  fiutha  study  which  ^tennines  the  stall  incidence 
angle  for  the  crenulated  blades  would  he^  quantify  the  robustness  of  the  crenulated  blades 
at  high  loadings. 

^acy  (1993)  has  studied  the  perfonnance  of  various  acnulatkm  geometries  at  a 
single  incidence  angle.  A  study  investigates  the  off-design  performance  of  the 

optimum  geometry  would  provide  insight  kto  the  overall  poformance  of  fois  optimum 
geometry. 

Although  the  positive  stall  incidence  was  qrproadied,  the  values  of  the  negative 
stall  incidence  and  minmnim  loss  incidence  are  yet  unknown.  It  would  be  usefol  to 
examme  the  negative  incidence  angles  so  that  the  influence  of  the  crenulations  cm  the 
negative  stall  condition  and  minimum  loss  conditimi  could  be  assessed. 
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Valocily  varioiion 
acroH  Mod*  tpocin^-x 


Figure  1.  Blade  Wake  Devek^mnt  (Lid>leiii,  1965) 


Figure  2.  Creaulatioii  Induced  Vortices 


1987) 


Figure  5.  Hiree-Dinieiisioiul  Flow  Development  (adapted  from  Kang  and  Hirsdi,  1991) 
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Figure  6.  Air  Supply  System  and  Difliiser/Stilling  Chamber 
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Figure  8.  Con^ressor  Blade  Profile 
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Figure  9.  Coii9)ressor  Blade  Planforms 
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Figure  10.  AFTT  Cascade  Test  Facility  Digital  Data  Acquisition  System 
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Figure  1 1.  Total  Pressure  Rake 


Rgure  12.  X>Coiifiguration  Hot-fQm  Probe 
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Figure  13.  Initial  Velocity  Suiv^  (m/s):  i  =  +4.49  deg,  x/c  =  0.30 
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Figure  14.  Initial  Velocity  Siuvey  (m/s):  i  =  +4.49  deg,  x/c  =  1.37 
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Figure  15.  Axial  Velocity  Density  Ratio 


Figure  IS  (cont.).  Axi«I  Velocity  Dmsity  Ratio 
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Figure  16.  Inlet  and  Exit  Static  Presaure  Periodicity 
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Figure  16  (cont.).  Inlet  and  Exit  Static  Pressure  Periodicity 
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Figure  18.  Cascade  Static  Pressure  Rise 
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Figure  18  (cont.).  Cascade  Static  Presaire  Rise 
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Fig^re  19.  Total  Pressure  Losses  (mass  averaged) 
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Losses  (intss  iveraged) 


Figure  20b.  CrenulatedTE 

Figure  20.  Total  Pressure  Loss  Distribution:  i  =  -1.08d^  x/c  =  0.S6 
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Figure  24.  Flow  Deflecdmi  (mtss  •veraged) 
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Figuie  25.  Transitioii  Phenomena  (Fottner,  1989) 
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Figure  27a.  Straight  TE 


Figure  27b.  CrenulatedTE 

Figure  27.  Outlet  Turbulence  Intensity  IMstribution  (%):  i  = +9.32  deg,  x/c  =  0.05 
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Figure  29.  Wake  Velocity  Deficit 
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Wake  Velocity  Deficit 
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Figure  30.  Outlet  Velodty  Varioice  (mass  weiglited) 
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Figure  30  (coot). 
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Figure  31.  Off-Design  Performance  Si 
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Appendix  A.  DctennmatinB  of  Elide  Angles 


Hie  compressor  blsdes  used  in  this  investigstkm  were  NACA  64-A905,  a  =  O.S 
blades  8%htfy  modified  to  smooth  the  transition  firomthe  curved  part  of  the  suction 
surfiice  to  the  straight  tail  section  (refiaence  Hgure  8).  The  blades  woe  loca% 
manufiictuied  out  of  ahunimim  using  a  computer-controlled  mOlBig  madime  programmed 
with  the  blade  surfiice  coordinates.  Hie  resulting  blade  was  essentially  a  NACA  64-A90S, 
a  =  0.5  fiir  the  first  80  percent  of  its  length.  The  modification  to  the  last  20  percent  of  the 
blade  caused  dianges  in  the  blade  angles. 

The  angles  of  interest  to  cascade  investigations  are  the  camber  angle  (0),  die  blade 
inlet  angle  (a*,),  and  the  blade  outlet  angle  (a*,).  These  angles  are  shown  in  Rgure  3. 
These  angles  are  normally  defined  by  tangents  to  the  mean  camber  line  at  die  leading  and 
trailing  edges  of  the  blade.  For  NACA  blades  with  a  =  O.S,  the  mean  camber  line  has 
infinite  slope  at  the  leading  edge  so  the  use  of  an  akemate  method  was  needed  to 
determine  the  camber  angle.  The  previously  mentioned  modificatkm  also  needed  to  be 
examined  to  determine  its  impact  tm  the  angles  of  inteiest. 

Several  approaches  were  explored  in  the  attenqit  to  detomine  the  blade  angles. 
The  method  yielding  the  best  results  was  a  condiination  of  physically  measuring  the  slppe 
of  the  training  edge  mean  camber  line  on  a  con^uter  generated  plot  of  the  blade  profile, 
and  approximating  the  blade  profile  with  an  equivaloit  circular  arc.  This  method  was  a 
modification  of  the  method  outlined  by  Lidildn  (1965)  and  entailed  passing  a  circular  arc 
through  the  leading  edge,  the  trailing  edge,  and  the  point  of  maximum  cambo’  diqilaced  to 
the  mid-diord.  This  method  was  used  onh'  to  determine  the  camber  (0)  of  the  blade 
profile;  it  was  not  used  to  determine  the  other  angles  of  interest.  The  use  of  this  method 
to  determine  a',  led  to  unaccqitable  errors  in  estimating  the  deflectitm  with  the  use  of 


Howell's  correlatimi.  hutead,  a',  was  measured  and  a',  was  determined  using  die 
reladonsh^ 

a’,  =  0+a',  (26) 

The  value  of  6  was  detemuned  by  passing  a  circular  arc  throu^  the  leading  edge, 
the  trailing  edge,  and  a  point  at  the  nud-chord  di^laced  iqiward  a  distance  equal  to  that  of 
the  maximum  camber  as  diown  in  Rgure  32.  The  coordinates  for  these  3  pomts  were 
taken  from  the  data  file  used  to  madiine  the  blade.  Ihe  coordinates  of  the  these  points 
were  found  to  be  (x,  y) 


Leading  Edge  =  (0, 0) 

Maximum  Camber  =  (2.S0  cm,  0.335  on) 

Trailing  Edge  -  (5.00  cm,  0) 

The  equation  for  the  circle  passing  through  these  three  points  was  fimnd  to  be 

(x-2.50)’+Cy+9.17)*  «  90.34  (27) 

The  equation  for  the  tangent  to  a  circle  at  a  point  is  ^en  by  Eschbacfa  (1975)  as 

»fi+>!yi+^*+*i)+/Cy+:K,)+c  =  o  (28) 

The  equation  for  the  circle  (Equation  (27))  was  put  into  the  form  of  Equatkm  (28)  and 
was  solved  for  the  leading  and  trailing  edge  coordinates  of  the  blade.  The  resulting  angles 
between  the  re^ecdve  tangents  and  the  chord  line  were  found  to  be 

=  15.254  deg 
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^  =  -15.254  deg 


Which  resulted  in  a  caiid>er  angle  of  30. 51  deg.  With  this  value  calculated,  the  an^  (^) 
between  the  diord  line  and  the  mean  camber  line  at  the  trailing  edge  was  found.  Hiis  angle 
was  found  by  measuring  it  on  a  computer  generated  plot  of  the  blade  profile  as  dbown  in 
Figure  33.  This  angle  was  determined  to  be  1 1.5  deg.  The  value  for  a,  was  then  finmd 
using  the  equation 

a',  =  C-4b  (29) 

The  symbol  ^  in  Equation  (29)  is  the  stagger  angle.  The  preceding  series  of  computations 
were  carried  out  and  applied  to  a  blade  mounted  in  the  configuration  for  Oi  =  3 1.00  d^. 
The  angles  of  interest  were  found  to  be 

0  =  30.51  deg 
a'j  =  -4.00  deg 
a',  =  26.51  deg 
i  =  4.49  deg 

The  accuracy  of  these  angles  was  detomined  by  using  these  angles  in  the 
equations  for  HowelTs  Gaeralized  Performance  Curves  as  outlined  by  Dbcon  ( 1978). 

This  process  was  used  to  estimate  the  e7q)ected  defiectimi  angle  for  each  incidence  angle. 
In  order  to  perform  this  evaluation,  it  was  first  necessary  to  calculate  the  required  nominal 
values  for  deflection  (e*)  and  inddeace  (r).  The  nominal  deflection  is  defined  as  80 
percent  of  stall  deflection  and  /*  is  the  inddoice  angle  required  to  produce  this  deflection. 
These  angles  are  defined  as 
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«  •  • 

8  =  a  j  -a  2 

••  •  I 

I  =  a  i-a  1 


(30) 


These  values  were  confuted  by  first  finding  the  other  nominal  angles.  Following  Dix<ni 
( 1978),  these  calculations  were  performed  using 


(31) 

(32) 


Solving  Equations  (31)  and  (32)  for  a*,  yields 


0.23(2^)* +a*. 


500 


(33) 


a*j  was  thoi  found  using 


a  1 


tan'‘ 


L55 

1  +  I5s/ 
/  c 


+tana*2 


(34) 


Mhich  approximates  Howell's  low  ^eed  correlatimi  and  is  applicable  for  0  ^  a*,  <  40  deg. 
The  preceding  equations  yielded  the  fiallowing  nominal  values: 
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a*2  =  L86  deg 
a*,  =  38.75  deg 
8*  =  36.89  deg 
/•  =  12.24  deg 

With  the  values  of  /*  and  8*  determined,  the  relative  inddeice  is  defined  as 

Relative  Incidoice  =  — — 

8 

which  was  used  along  with  HowelFs  Generalized  Performance  Curves  to  yield  the  rdative 
deflection  which  is  defined  as 

g 

Relative  Deflection  s  — 

8 

The  deflection  angles  for  the  four  incidoice  angles  were  estimated  using  the  above 
definitions  and  HowelTs  Generalized  Performance  Curves.  These  were  found  to  corrdlate 
fiiirly  well  with  the  measured  deflection  angles  produced  hy  the  straight  trailing  edge 
blades.  The  results  are  suimnarized  in  Table  12. 
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Table  12.  Measured  and  Predicted  Flow  Deflection  Angies 


a,  (deg) 

/(deg) 

Measured  e  (deg) 

Predicted  E  (deg) 

25.43 

-1.08 

23.52 

24.81 

31.00 

+4.49 

27.86 

30.31 

35.83 

+9.32 

31.92 

34.62 

38.95 

+12.44 

35.49 

37.40 

It  is  important  to  note  that  Howell's  correlation  was  intended  to  be  applied  to  two 
dimensional  flow  ^^hile  the  cascade  used  in  this  study  had  strong  three-dimensional  effects. 
Considering  this,  differences  ranging  fi-om  1.7  to  2.5  deg  represented  a  reasonably  good 
correlation  between  the  measured  and  predicted  values  of  deflection. 
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Appendix  B.  KgmpmartTjariny 


Subsystem  Mndel  Numher/fVser^rinn 

Pressure  Measurement  Pressure  Systems  Inc.  Modd  8400  Pressure 

Scanner  (20  kHz  maximum  sample  rate) 

Model  8415  Scanner  Interfiice  Unit 
Model  8420  Scanner  Digitizer  Unit 
Model  8440  Analog  bq>ut  Unit 
Model  8433  1  psid  Pressure  CaUbratkm  Unit 
Model  8433  S  psid'Pressure  Calibration  Unit 
Certified  Standvd  Transducer  (0.2-18  psi 
range,  ±0.00001  psi  accuracy) 

Transducer  block  P/N  32RG-0301 
(±1  psid  range,  ±0.0005  psi  accuracy) 

Transducer  block  P/N  320  IB 
(±1  pad  range,  ±0.0005  psi  accuracy) 

Transducer  block  P/N  3205B 
(±5  psid  range,  ±0.0005  psi  accuracy) 

Pressure  Rake  (11  ports,  ^aced  0.381  cm, 
0.0635  cm  ID,  0.0889  cm  OD) 

CEC  Model  2500  Digital  Barometer 
(13.00  psia  -  15.51  psia  range,  ±0.005  psi 
accuracy) 

Velocity  and  Tenq)erature  Measurement  TSI  Model  IFA  100  System  Intelligent  Flow 

Analyzer 

Model  140  Temperature  Module 
Model  150  Anemometer  Modules  (2) 

Model  157  Signal  Condition^’  Modide  (3) 

TSI  Model  IFA  200  System  Multichannel 
Digitizer 

Model  252  Digitizers  (3)  (50  kHz  maximuni 
san^le  rate,  ±5  V  range,  i0.002  V 
accuracy) 
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Velocity  and  Ten^erature  Measuranent  TSI  Model  1241-10  X-Fifan  Sensor 

TSI  Model  1241-20  X-FOm  Sensor 


Tenq)eratiire  Measuremait 


Traverse  Control 


Central  Con:q)uter 


TSI  Model  1 155-36  probe  support 
(modified  length  to  24") 

TSI  Model  1 125  Probe  Calibrator 

Omega  T-type  Thermocouple 
(copper-constantan,  i0.3"C  accuracy) 

He^iett-Packard  Model  345 5 A  Digital 
Voltmeter  (±0.00002  V  accuracy,  24  Hz 
maximum  san:q)le  rate) 

He^dett-Packard  Model  3495A  Scanner 

Omega  T-type  Thermocoiq>les  (2) 
(copper-constantan,  ±0.3'*C  accuracy) 

New  England  AfiBliated  Tedmologies  Model 
310  Programmable  Motion  Controllers  (2) 

Oriental  Motor  Conq)any  Stq>per  Motors  (2) 
(400  steps/revolution  resolution) 

Zenith  Model  Z-248  (80286  processor  with 
math  coprocessor) 

National  Instruments  Model  GPIB-PCn 
General  Purpose  Inter&ce  Board) 

TSI  Model  6260  Parallel  Interfiice  Board 

Software  (developed  by  AFIT/ENY,  written  in 
MS-QuickBanc  4.5) 


AppaMBxCr  ErmrAinlyMg 


Hie  equipiiient  accuracies  qiedfied  by  the  rnmnikctiMier  or  determined  during 
calibrati<Hi  procedures  are  sumnarized  in  Table  13.  These  values  are  used  in  the  fbllowmg 
analysis  to  estimate  the  expected  error  fisr  eadi  of  the  calculated  parameters.  The  method 
for  determining  the  errors  is  demonstrated  by  mcample  for  the  pressure  loss  coefficient 
The  errors  for  the  other  quantities  are  calculated  in  a  similar  manner. 

Total  Pressure  Loss  CodBSggtt 

The  error  for  id  was  estimated  by  e  aating  Equatkm  (4)  for  a  given  set  of  data 
taken  from  an  actual  test  ran.  The  equation  was  then  re-evahiated  fin  die  same  data 
changed  by  the  accurate  of  the  instrumentatkm  used  to  measure  each  quantity.  The 
instiumait  accuracies  were  either  added  to  the  measured  reading  or  subtracted  fiom  it  so 
as  to  create  the  largest  error  in  the  final  answer.  Oum  these  calculatimis  were  made,  the 
percoit  change  in  the  final  answer  was  calculated  ii«ng 

error  =  -^-1 

m 

i^ere  £  is  the  net  error  due  to  conqxment  accuracies.  If  this  error  is  assumed  to  occur  in 
the  same  direction  at  every  point  of  the  measurement  plane,  the  largest  error  will  be  found 
in  the  mass  averaging  summation.  This  is  a  valid  assunqition  since  the  quantity  in  the 
numerator  of  Equation  (4)  is  a  difference  in  pressures  and  does  not  vary  mudi  in  relation 
to  the  sb'j  of  the  error  associated  widi  the  pressure  transducers.  The  quantities  in  the 
denominator,  on  the  other  hand,  are  all  throat  conditions  and  do  not  vary  nudi  over  the 
period  of  the  data  run.  These  calculations  resulted  in  an  estimated  error  due  to  equ^ment 
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capabilities  of  2  percent  for  is.  The  errors  that  might  be  introduced  by  the  density  and 
velocity  terms  in  the  mass  averaging  process  woe  fixmd  to  be  largely  offiettmg  and 
assumed  to  be  negligible. 

Static  Pressure  Coeffideat 

An  analysis  of  the  equations  for  revealed  that  the  error  would  be  the  same  as  for 
m.  This  is  because  the  quantities  in  the  numoator,  of  Equation  (3),  are  again  a  difference 
in  pressures  that  are  of  the  same  order  of  magnitude  as  for  io.  The  quantities  in  the 
denominator,  on  the  other  hand,  are  exactly  the  same  as  those  for  m.  This  qypHes  to  both 
the  blade  surfoce  static  pressure  distributi<m  and  the  non-dimensioaal  static  pressure  rise. 

Wake  Velocitv  Deficit 

The  wake  velocity  deficit  error  was  calculated  by  determining  the  qipropriate  error 
for  the  two  velocities  in  Equation  (8).  The  velocity  in  the  denominator  is  an  arithmetic 
mean  value  and  the  velocity  in  the  numerator  is  a  mass  avonged  value.  The  velocities 
used  to  conq)ute  the  freestream  velocity  were  also  used  to  compute  the  downstream  axial 
velocity.  These  two  fiicts  make  it  inqiossfole  for  the  numerator  to  be  in  error  in  one 
direction  (Le.,  high  or  low)  and  the  doiominator  to  be  in  error  in  the  opposite  direction. 
Additional  insight  was  gained  ^en  the  nature  of  the  error  introduced  by  the  hot>film 
probe  was  examined.  The  majority  of  the  sanqrles  taken  were  at  a  negative  angle  and  the 
errors  found  in  the  calibration  process  were  all  in  the  same  direction  for  negative  angles. 
From  these  two  focts,  it  was  determined  that  the  errors  should  be  in  the  same  direction  for 
both  the  numerator  and  doiominator.  The  eiqiected  error  was  determined  by  adding  0.5 
m/s  to  representative  values  for  both  of  these.  The  rqpresentative  values  were  taken  fixim 
actual  data  runs  and  were  1 13  m/s  for  downstream  anal  velocity  and  120  m/s  for  the 


freestream  vdodty.  Hiese  values  resulted  m  an  estiniated  mor  of  3  percent  for  values 
representative  of  those  measured  in  the  cascade. 

Outlet  Velocitv  Variance 

The  outtet  vdodty  variance  is  awniler  to  the  wake  vdodty  deficit  hut  more 
complicated.  If  the  mass  averaging  process  is  ignored,  the  quantity  to  be  ana^rzed  is 


In  this  case  it  is  possible  to  have  a  locd  exit  vdocity  with  a  -O.S  m/s  error  ^diile  die  mean 
exit  velocity  has  a  totd  error  near  +0.5  m/s.  Since  most  of  the  locd  values  must  be  near 
+0.5  m/s  for  the  mean  error  to  be  +0.5  m/s,  the  errors  are  much  more  likdy  to  be  in  the 
same  direction  by  nearfy  the  same  amount  once  the  summation  process  is  completed.  For 
error  estimation  purposes,  an  error  value  of  0.5  m/s  was  added  to  the  representative  values 
of  the  numerator  and  denominator.  Ihe  values  used  for  this  evaluation  were  a  mean 
vdodty  of  1 16  m/s  and  an  individud  value  of  99  m/s  ^diidi  was  me  standard  deviatkm 
below  the  mean  value.  This  method  resuhed  in  an  estimated  error  of  1  pocent  for  the 
outlet  velocity  variance. 

Outlet  Tmbnlence  Intensitv 

An  ana^ds  of  the  equatim  for  Tu  revealed  that  the  error  would  be  the  same  as  fin 
the  outlet  velocity  variance.  This  is  because  both  have  individud  velocities  in  the 
numerator  of  their  re^ective  equatims  and  mean  velodties  in  the  denominator.  Therefore 
the  error  for  Tu  was  estimated  to  be  1  percent. 
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Axiil  VdoirttY 

The  basic  approach  to  esdmatmg  the  error  m  the  ^4  VDR  was  esseatia%  the  same 
as  that  foUowed  for  the  other  parameters.  Equation  (2)  was  evahiated  tom  by  term,  hi 
this  case,  the  velocity  in  the  denominator  was  calculated  from  iqistream  quantities.  These 
quantities  should  have  identical  errors  for  each  data  point  since  the  same  instrument  was 
used,  in  virtually  the  same  conditions,  to  measure  the  quantities.  This  evaluation  qipfies 
equa%  well  to  the  densities.  The  errors  for  these  values  were  calculated  in  the  same  way 
as  those  for  the  discussed  above.  The  vdodty  in  the  numerator  was  evaluated  in  a 
manner  stmilar  to  the  Outlet  velocity  variance  and  wake  velocity  d^dt  discussed  above, 
hi  this  case,  since  there  is  less  vortichy  at  the  enter  span  for  all  configurations,  virtually 
all  of  the  velocities  were  taken  at  similar  flow  angles.  When  representative  values  were 
used  for  eadi  quantity  and  then  perturbed  by  the  qipropriate  error,  the  resulting  overall 
error  was  calculated  to  be  1  perent. 


Table  13.  Component  Accuracies 


Component 

Accuracy 

Pressure  Transducers 

0.0005  psid 

Digital  Barometer 

0.005  psia 

Thermocouples 

0.3*C  (meas) 

Hot-fihn  Velocity 

Hot'fihn  Angles 

0.25  deg  vmeas) 
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